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Over the last decades, many axiomatic and dominating views
on the functional architecture and workings of the mamma-
lian central nervous system (CNS) had to be fundamentally
reconsidered. Although the dominating view that the mature
mammalian CNS is structurally immutable was repeatedly
challenged, e.g., by studies showing collateral axonal sprout-
ing and intracortical synaptic plasticity after a spinal cord
injury (SCI) in cats [1, 2], the capacity of the lesioned CNS
to reorganize was only fully appreciated after Merzenich
and colleagues introduced their famous deafferentation stud-
ies in the 1980s [3, 4]. Besides showing that topographic cor-
tical representations are maintained dynamically throughout
life, they also provided compelling evidence that this
self-organizing capacity of the CNS can relate to neurological
recovery [5–7].

Based on this new understanding of CNS plasticity and
the factors driving it, Taub et al. introduced a novel rehabil-
itation procedure that now belongs to the established reper-
toire of physiotherapists worldwide (Constraint-Induced
Movement Therapy, CIMT) [7–9]. Being a good example
for the successful translation of insights from basic research
findings collected over several decades in animal studies into

a new treatment strategy used in hospitals all over the world,
the development of CIMT also exemplifies the long, strenu-
ous and often very difficult path from bench to bedside.

This special issue acknowledges this challenging path and
provides a forum for presenting the latest views and findings
in the field of neurorehabilitation. Besides featuring a com-
prehensive review on the state-of-the-art in experimental
stroke research by A.-S. Wahl (“State-of-the-Art Techniques
to Causally Link Neural Plasticity to Functional Recovery in
Experimental Stroke Research”) and cognitive rehabilitation
in Parkinson’s disease by M. Díez-Cirarda et al. (“Neuroreh-
abilitation in Parkinson’s Disease: A Critical Review of Cog-
nitive Rehabilitation Effects on Cognition and Brain”), this
special issue includes a study by S.-L. Liew et al. that evalu-
ated brain activity during action observation of 24 stroke
survivors and 12 age-matched healthy controls using func-
tional magnetic resonance imaging (fMRI) (“Laterality of
Poststroke Cortical Motor Activity during Action Observa-
tion Is Related to Hemispheric Dominance”). They found
that action observation is lateralized to the dominant, rather
than ipsilesional, hemisphere. As this may reflect an interac-
tion between the lesioned hemisphere and the dominant
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hemisphere in driving lateralization of brain activity after
stroke, they conclude that this finding should be carefully
considered when characterizing poststroke neural activity.

M. R. Pereira-Jorge et al. (“Anatomical and Functional
MRI Changes after One Year of Auditory Rehabilitation with
Hearing Aids”) describe the anatomical and functional MRI
changes related to one year of auditory rehabilitation with
hearing aids (HA) across 14 individuals diagnosed with bilat-
eral hearing loss. While they found a reduction in activity in
the auditory and language systems and an increase in visual
and frontal cortical areas, the use of HA over one year
increase the activity in the auditory and language cortices as
well as multimodal integration areas. Moreover, they found
an increased cortical thickness in multimodal integration
areas, particularly the very caudal end of the superior tempo-
ral sulcus, the angular gyrus, and the insula. P. Álvarez
Merino et al. (“Evidence Linking Brain Activity Modulation
to Age and to Deductive Training”) investigated the effect
of deductive reasoning training on modulation of electric
brain activity and compared this modulation between youn-
ger (mean age 21 ± 3 39 years) and older (mean age 68 92
± 5 72 years) healthy adults. While younger adults showed
symmetric bilateral activity in anterior brain areas in their
study, older adults showed asymmetrical activity in anterior
and posterior brain areas. They conclude that bilateral brain
activity modulation may be an age-dependent mechanisms
to maintain cognitive function under high demand.

To better understand the role of serotonergic receptors
for functional recovery after SCI, K. Miazga et al. analyzed
the mRNA of serotonergic 5-HT2A and 5-HT7 receptors
(encoded by Htr2a and Htr7 genes) in motoneurons of rats
with and without SCI (“Intraspinal Grafting of Serotonergic
Neurons Modifies Expression of Genes Important for Func-
tional Recovery in Paraplegic Rats”). They found that
intraspinal grafting of serotonergic neurons can modify the
expression of Htr2a and Htr7 genes suggesting that upregula-
tion of these genes might account for the improved locomo-
tion found after intraspinal grafting.

Based on a number of studies suggesting a neuroprotec-
tive effect of green tea (Camellia sinensis), P. M. Sosa et al.
investigated whether green tea and red tea have a compara-
ble effect on motor deficits and striatum oxidative damage
in rats with hemorrhagic stroke (“Green Tea and Red Tea
from Camellia sinensis Partially Prevented the Motor Deficits
and Striatal Oxidative Damage Induced by Hemorrhagic
Stroke in Rats”). They found that the two teas seemed
equally effective.

M S. Sherwood et al. evaluated resting cerebral perfusion
before and after transcranial direct current stimulation
(tDCS), a form of transcranial electric stimulation (tES),
applied to the left prefrontal cortex to investigate the
underlying neural mechanisms of tDCS on cognitive brain
functions (“Repetitive Transcranial Electrical Stimulation
Induces Quantified Changes in Resting Cerebral Perfusion
Measured from Arterial Spin Labeling”). They found that
tDCS increased cerebral perfusion across many areas of
the brain as compared to sham stimulation. As this effect
originated in the locus coeruleus linked to the noradrener-
gic system, the authors suggest that the broad behavioral

effects of frontal lobe tDCS might relate to a modulation of
the locus coeruleus that excites the noradrenergic system.

S. Betti et al. (“Testing rTMS-Induced Neuroplasticity: A
Single Case Study of Focal Hand Dystonia”) used 1Hz
repetitive transcranial magnetic stimulation (rTMS) target-
ing the left primary motor cortex (M1) of an individual
diagnosed with focal hand dystonia. rTMS was applied over
five daily thirty-minute sessions. Using a fine-grained kine-
matic analysis, they found that rTMS resulted in improved
motor coordination, a finding that underlines the impor-
tance of adopting measures that are sufficiently sensitive to
detect behavioral improvements.

Only recently, novel neurotechnological tools, such
as brain/neural-machine interfaces (B/NMI) [10–14] or
closed-loop brain and spinal cord stimulation [15], were
developed that provide promising means to modulate CNS
plasticity triggering neural recovery. A remarkable demon-
stration of these new targeted neurotechnologies was recently
provided by Wagner et al. [16] demonstrating restoration of
walking in individuals who sustained a spinal cord injury sev-
eral years ago with permanent motor deficits despite exten-
sive rehabilitation efforts. A few months of individualized
spatiotemporal electrical stimulation of the lumbosacral spi-
nal cord resulted in regained voluntary control over previ-
ously paralyzed muscles, even in the absence of stimulation.

As our understanding of the underlying mechanisms of
neural recovery improves and neurotechnologies advance,
more of such demonstrations will be ahead of us. We hope
that this special issue will contribute towards such improved
understanding of the relationship between neural plasticity
and functional recovery and will give new impulses on how
neurorehabilitation can be advanced through neurotechno-
logical tools.
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Electrical brain activity modulation in terms of changes in its intensity and spatial distribution is a function of age and task demand.
However, the dynamics of brain modulation is unknown when it depends on external factors such as training. The aim of this
research is to verify the effect of deductive reasoning training on the modulation in the brain activity of healthy younger and
older adults (N = 47 (mean age of 21± 3.39) and N = 38 (mean age of 68.92± 5.72)). The analysis reveals the benefits of training,
showing that it lowers cerebral activation while increasing the number of correct responses in the trained reasoning task
(p < 0 001). The brain source generators were identified by time-averaging low-resolution brain electromagnetic tomography
(sLORETA) current density images. In both groups, a bilateral overactivation associated with the task and not with age was
identified. However, while the profile of bilateral activation in younger adults was symmetrical in anterior areas, in the older
ones, the profile was located asymmetrically in anterior and posterior areas. Consequently, bilaterality may be a marker of how
the brain adapts to maintain cognitive function in demanding tasks in both age groups. However, the differential bilateral
locations across age groups indicate that the tendency to brain modulation is determined by age.

1. Introduction

Brain activity adapts in time to the cognitive needs of an
organism, altering its intensity and its distribution which can
be measured through modulations in electrical brain activity
[1]. Scientific literature offers two different approaches to the
complex phenomenon of the electrical brain signal’s modula-
tion. One explicative strategy focuses on overactivation of
brain activity as a function of the demand of tasks [2], while
a second perspective explains modulation in terms of age and
focuses on the idiosyncrasy of brain aging [3]. Many studies
have verified how brain overactivation correlates with better
performance in cognitive tasks. For example, the perfor-
mance of older people who participated in a digit span task
was better if they exhibited a bilateral pattern of brain activity
compared to those who did not show such bilaterality [4].
Another memory study involving older adults with high
and low memory capacities and younger adults reported that
both the older adults with low memory capacity and the

younger adults showed prefrontal asymmetry with greater
activity in the right hemisphere [3]. While the performance
of the younger adults was the most successful, that of the
older adults with low memory capacity was the least. In the
older adults with better memory, a pattern of bilateral activity
was evidenced with similar results to those of the younger
adults. When the task is more demanding for these older
adults, the left prefrontal cortex is also activated. That is, a
supplementary activation reflects the additional effort that
these older adults make in order to access information [5].
On the other hand, the approach based on the difficulty gra-
dient of the task describes the increment in brain activation
and the involvement of wider brain areas as an adaptive strat-
egy for functional performance both in older and in younger
adults [6]. In this regard, an investigation in which younger
and older adults had to resolve memory tasks of different
complexity levels found that the dorsolateral prefrontal cor-
tex was overactivated in older adults in order to achieve a
performance similar to that of younger adults. In addition,
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as the difficulty increased, the dorsolateral prefrontal cortex
in younger adults activated as well [7].

The second perspective attributes brain activity modula-
tion to age [8]. Namely, the cerebral plastic behavior in older
adults makes it possible for them to relearn a new activation
mode which is manifested in a deactivation of posterior
regions along with a higher activation in previous regions
[9]. For example, in tasks requiring the intervention of basic
cognitive operations such as visual perception, the highest
activation is not located in the posterior cognitive regions
of older adults. This brain behavior is associated with age,
but it does not necessarily involve cognitive decline [10]. In
this regard, an extensive research study tested age-related
cerebral changes using an episodic memory task (high com-
plexity) as well as a visual perception one (low complexity)
[11]. The results showed that regardless of the complexity
of the task, a higher activation was localized in the prefrontal
cortex. In addition, this activation correlates with better
cognitive function, as opposed to an inverse correlation
between performance and activity in the occipital region.
Other studies have also shown age-related changes in the
brain and cognitive strategies to solve executive control tasks
[12]. In particular, the experiment was carried out with youn-
ger and older adults who faced a task with consecutive pairs
whereby the first one constituted a cue and the second one
a target. Subjects were instructed to respond to the target
whenever it was preceded by the same cue. Otherwise, they
should omit or refrain from responding. The results showed
that, with age, the executive control strategies shifted in tem-
poral distribution. That is, they were proactive in younger
adults during the presentation of the cue and reactive in older
adults in response to the target presentation. In addition, the
neuroimaging analysis showed that only younger adults dis-
played higher activation of the dorsolateral prefrontal cortex
and left hippocampus when the cue appeared rather than
when the target was presented. On the other hand, it reveals
an idiosyncratic behavior of cerebral aging in the amount of
cognitive resources that are activated by the demand of a
cognitive task. There seems to be a ceiling effect linked to
how high the difficulty of the demand is in older adults, since
brain activity lessens if the task is too hard [13]. An investi-
gation in which younger and older adults had to resolve
memory tasks of different complexity levels found that the
prefrontal cortex was overactivated in both younger and
older adults to achieve performance success [7]. However,
beyond a certain level of demand, in older adults as opposed
to younger adults, brain activity decreased, and so did their
performance [14].

All in all, there is evidence of both task-dependent and
age-dependent factors in brain activity modulation. Demand-
ing tasks modulate brain activity both in younger and in older
adults. However, simultaneously beyond the task demand,
there is also idiosyncratic aged brain behavior. The state of
the art includes two basic results: (1) when older adults face
a demanding task, they require more brain activation than
younger adults to obtain a similar performance level [6] and
(2) when the task is demanding for all age groups, younger
adult brains manifest an increased activation while older adult
brains tend to diminish their brain activity [15, 16]. However,

there are no known experimental studies that analyze the
effect of training on the modulation of brain activity which
in turn would help to clarify the relationship between the
two explanatory approaches to brain modulation.

The current study is aimed at examining the modula-
tion of EEG brain activity in a highly demanding cognitive
task in younger and older adults before and after a reason-
ing training. In particular, the following hypotheses were
tested experimentally: (a) baseline EEG activity will show
a bilateral overactivation in younger adults rather than in
older ones, (b) the posttraining evaluation will show bilat-
eral overactivation in the older adults while it will disap-
pear in the younger ones, and (c) the effect of training
improves deductive reasoning performance by increasing
the number of valid responses and decreasing the reaction
time in both age groups.

2. Materials and Methods

2.1. Participants. Eighty-five subjects, divided into two age
groups, voluntarily participated in this study. The group of
younger adults consisted of 47 subjects with an average age
of 24.21± 3.39 years. These subjects were students from the
University of León whose participation was rewarded with
1 academic credit. On the other hand, the group of older
adults consisted of another 38 subjects with an average age
of 68.92± 5.72 years. These subjects were contacted through
the senior center of León Council.

All participants were screened to be right-handed with
normal or corrected vision and not currently under any stress
(i.e., exams, job interviews, and grief). Additionally, older
adults were screened to be cognitively intact (Mini-Mental
Status Exam≥ 28) [17]. This study was approved by the
Ethics Committee of the University of León in 2017, and it
was carried out following the deontological standards recog-
nized by the Helsinki Declaration of 1975 (as revised in the
52nd Annual General Assembly in Edinburgh, Scotland, in
October 2000), the standards of Good Clinical Practice, and
the Spanish Legal Code regulating clinical research involving
human subjects (Royal Decree 223/2004 about regulation of
clinical trials).

2.2. Procedure. The experimental design consists of 99
deductive reasoning tasks that are presented in a time win-
dow of 3.5 seconds which includes the presentation of the
task and the response time. There was an interval of 200ms
between tasks. Tasks were presented through the Mind
Tracer (Neuronic S.A., Havana) on a 23-inch NEC screen.
Subjects were requested to minimize their blinking as well
as their postural movements. The program also provides
conductual information about the number of correct and
incorrect answers and reaction times.

For the basal evaluation and for posttraining evaluation,
99 deductive tasks were designed corresponding to the
three types presented above. 33 items for each type of tasks
were randomly distributed. In the basal evaluation, subjects
were instructed to mandatorily respond to this instruction:
“If the item follows a rule based on properties regarding fig-
ures, colors, number, shape, or shading, press the ‘Ctrl’ key;
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otherwise, press the ‘spacebar’ key.” Notice that in the basal
evaluation, the subject had no information or hints about
the contents of the rules. The task was new and highly
demanding, since the subject lacked any hints and did not
know the rules of the task. For the posttraining, the subjects
followed this instruction: “If the three cards have two or more
properties in common, then (and only then) they form a set.”
In this case, subjects would respond by pressing the “Ctrl”
key and otherwise by pressing the spacebar.

The initial registration lasted about 40 minutes: 20
minutes to prepare the EEG system (cleaning, placement
of the electrodes, etc.) using MEDICID (Neuronic S.A.,
Havana) and another 20 minutes to run the test. After
the initial recording, subjects undertook behavioural training
of reasoning in a single session followed by a posttraining
recording, with an approximate duration of 70 minutes: 30
minutes for the training itself and the remaining time for
EEG data recording.

2.3. Stimuli. The paradigm used during the EEG acquisition
was based on a subset of the cards that compose the deck of
the card game set. The game was unknown to all participants,
and it was instrumental in the training and evaluation of
elemental logical deductions. This kind of task was chosen
because human deductive abilities are known to be, under
certain specific conditions, rather invariant with respect
to age, culture, and education. In particular, the reduction
of cognitive resources accompanying aging does not impede
the preservation of elementary deductive abilities [18],
specifically if inferential conclusions are relevant to their
premises [17, 19]. Even if the cultural context partially deter-
mines reasoning, elementary deductive inference remains
invariant across cultures [20] and education levels [21].
Additionally, deductive inferences occur both in linguistic
and in visual support [22]. That is, there are deductions
which are not sentential sequences of premises and conclu-
sions but logically valid visual inferences such as those pres-
ent in diagrams or geometrical proofs. Finally, an interesting
peculiarity of deductive reasoning is its easiness to produce
new tasks with simple instructions where it is easy to measure
and control both the logical complexity (number of instances
of employed rules) and the relational complexity (number of
variables). In this research, these measures offer an objective
demand gradient.

The deductive tasks presented and evaluated in this study
are elementary logical (first order) inferences realized over a
subset of the card game set. The cards presented items with

certain characteristics: shape, color, number, and shading.
There are three shapes, two colors, two numbers, and two
shadings. Each item presents a trio of cards which shares
zero, one, two, or three of these characteristics. By definition,
any trio is a set if and only if the three cards share at least two
properties. Determining whether an item (trio) is or is not a
set is a purely deductive task, namely, a finite sequence of
inferences which can be developed in a logically valid way
and follows a recursive procedure which computes the
truth values of the premises. Given that the subject per-
ceives the properties of each card, the exercise of comput-
ing or deducing if the trio is a set is an elementary logical
task. In the simplest scenario, it is enough to apply the defini-
tion of a set to verify that in fact, the cards in the trio share
two properties. This situation automatically applies the rule
of modus ponens (deduce B from {A, if A then B}). In the
more complex scenario, instead of directly applying the def-
inition after positive cases, we have counterexamples. In this
case, the rule of modus tollens (deduce notA from {notB, if A
then B}) can be used.

To elucidate the experimental design, we show an exam-
ple of each of the three kinds of items presented to the sub-
jects in the evaluation tests. Only in the first kind of case
(see Figure 1) do the three cards share at least two properties,
and consequently the trio satisfies the definition of a set.

The three cards in Figure 1 share the same shape and
color; therefore, they are a set. From the only presenta-
tion of the trio and the application of negationless deduc-
tive rules, the reasoner may deduce that the item is a set.
Observe how the reasoner may deduce the conclusion with-
out going through all the properties of all objects in the
cards: once form and color are shared, there is no need
for further verifications.

The second type of case is a trio which shares only one
property (see Figure 2).

The three cards share shape, but no other property.
Therefore, this item is not a set. The inference behind this
conclusion contains an application of the modus tollens rule,
since by this rule the subject can refute each of the other
properties (color, number, and shading) one by one.

Finally, Figure 3 shows the example of the third type of
case in which no properties are shared by any card of the trio.

The subject may easily verify property by property that a
characteristic is not shared in the trio, deducing by modus
tollens that the trio is not a set. Note that in the three types
of cases, the whole inference is elementary and deductively
valid. Moreover, it is remarkable that the second and third

Figure 1: Case 1 type.
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types of cases have a slightly greater logical complexity than
case 1, but their relational complexity is identical.

2.4. Training. All subjects received a personalized one-on-
one training, which took place in the same session as the
postevaluation. The point of the training was to produce
valid deductive inferences by means of recursive or comput-
able logical procedures which would prove whether a given
item was (or was not) part of a set. In its first stage, the
training focused on identifying sets and practicing at least
15 exercises of type 1 tasks with items that were not pres-
ent in the basal evaluation. In its second stage, the training
made the subject explain her deductive process out loud to
the researcher who then corrected her as necessary. Since
several logically equivalent procedures are equally accept-
able, the personalized training adapts to the heuristical
strategies proposed by the subject in case they are logically
valid. Remarkably, the deductive training does not purport
to teach the subject to reason logically but to bring into
explicit conscience the logical properties of the inferences
she already makes. For example, the conjunction operator
(logical operator for “and”) allows the subject to go over sev-
eral cards to accumulate available conclusions. This initial
training phase ends when the subject says she understands
the task of identifying positive cases of a set and does not
commit two consecutive errors in type 1 trials.

In the third training phase, the subject herself proposed
examples of items that would be a set and described her rea-
soning out loud. Once her proposals were adequate, the
training for types 2 and 3 began, which consisted of making
the subject aware of the use of modus tollens to infer coun-
terexamples to sets. For example, if one card did not share a
property with another one in a given item, it was deduced to
be a counterexample to a set. The training finished when the
subject expressed her cognizance of the task and did not

commit any errors. The standard duration of the personal-
ized training process was between 20 and 30 minutes for
each subject.

3. EEG Recording and Analysis

The EEG was recorded with a 64-channel amplifier (Neu-
ronic System, Havana) and specific acquisition software
(Neuronic EEG/Edition EEG Software). Reference electrodes
were placed on the earlobes. In addition, electrooculography
(EOG) was registered using three pairs of external electrodes
in order to record the horizontal and vertical movement of
the eyes. Electrode impedance was set for each subject before
data collection but always kept below 5kΩ. The recording
was carried out using an Electrocap with Ag/AgCl electrodes,
which made it possible to analyze the active scalp areas of the
subjects. ERP signals and stimulus markers were continu-
ously recorded at a sampling frequency of 200Hz during
the 20-minute presentation of the task. The signals were
filtered using a band-pass finite impulse response filter with
a Hamming window between 1 and 70Hz. In addition, a
50Hz notch filter was used in order to remove the power line
artifact. Finally, a three-step artifact rejection algorithm was
applied to minimize oculographic and myographic artifacts
[23]: (1) components related to eye blinks, according to a
visual inspection of the scalp maps and their temporal activa-
tions from independent component analysis (ICA), were dis-
carded [24], (2) segmentation of each 3.5-second trial into
one 1.5 s length trial ranging from 200ms before stimulus
onset to 1300ms after stimulus onset, and (3) the threshold-
ing of amplitude in each trial was established in five standard
deviations of the signal. That is, trials in which at least five
channels contained two samples that exceeded the threshold
were taken out. Only correct answers were considered for
further analysis. Next, a sliding window approach was used

Figure 2: Case 2 type.

Figure 3: Case type 3.
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for the localization of the major activation of each trial.
Windows of 150ms with an overlap of 90% were selected
for measures of brain activity before and after training. Peak
amplitude measurement took into account the most negative
peak value within the temporal window of 400 to 550ms after
the stimulus.

3.1. Source Localization. This technique has been widely
used to study the neural correlations of cognition, because
it combines a high temporal resolution of the EEG technique
with a reasonable spatial identification of the electrical signal
of the cortical sources [25] (see http://www.uzh.ch/keyinst/
NewLORETA/sLORETA/sLORETA.htm). The sLORETA
software divides the brain into a total of 6239 cubic voxels
with a resolution of 5mm and estimates the density of the
current sources [26].

In the current investigation, the source localization was
estimated with the analysis of 64 electrodes located in the
frontal, medial, temporal, and bilateral parietal regions.
The subjects were registered using the International 10-20
system. The sources were calculated for every subject and
each age group at the temporal window of 400 to 550ms
with the Brain Cracker (Neuronic S.A., Havana) which used
the low-resolution electromagnetic tomography (LORETA
implemented in sLORETA [26]). sLORETA source current
density is calculated from the scalp-recorded ERP using a
realistic head model from the Montreal Neurological Institute

(MNI) [27], in which the 3-D solution space was restricted to
only the cortical gray matter [28]. The ERP voltage topo-
graphic maps were made by plotting color-coded isopoten-
tials obtained by interpolating the voltage values between
the scalp electrodes in specific latencies. Voxelwise nonpara-
metrical statistics as implemented in sLORETA were used.

4. Results

EEG records were processed using the “EEG edition” soft-
ware (Neuronic S.A., Havana). Descriptive analyses for each
group were calculated using a toolbox from MATLAB
R2015a, which was developed in the laboratory of the
researchers. Statistical analyses were performed using Statis-
tica (Statistica 10). Brain Cracker and sLORETA software
were used to determine source localization [26].

4.1. Correct versus Incorrect Responses. In relation to the
number of correct responses in the basal evaluation, the
younger adults obtained an average of 32.08± 12.29 whereas
the group of older adults obtained an average of 31.05±
15.86. Regarding the number of correct response evalua-
tions posttraining, the younger adults obtained an average
of 74.79± 14.45 whereas the older adults obtained an average
of 55.13± 16.94 (Figure 4).

To evaluate the effects of this training, a repeated mea-
sures model was used. The difference in the number of
correct/incorrect responses between both age groups was sig-
nificant (F1,84 = 24 186, p = 0 001), just like in postevaluation
(F1,84 = 188 596, p = 0 001). It shows that the interaction
between groups and postevaluation is significant (F1,84 =
14 674, p = 0 001) and the level of confidence was 0.95.

Post hoc analysis using the Tukey test revealed significant
differences in the pre-postevaluation, both in the group of
younger adults (p < 0 001) and in the group of older adults
(p < 0 001). The training had a greater effect on the group
of younger adults (Table 1 and Figure 5).

4.2. Reaction Times. The average reaction time in the basal
evaluation was 1869.33± 608.79ms for younger adults and
2097.89± 1046.77ms for the older ones. The same parameter
posttraining was 2898.50± 917.93ms for younger adults and
2275.42± 635.92ms for older adults (Figure 6).

To evaluate the effects of this training, a repeated mea-
sures model was used. The difference in reaction times
between both age groups was not significant (F1,84 = 1 700,
p = 0 195). However, the posttraining shows significant dif-
ferences (F1,84 = 40 920, p = 0 001), especially in the group
of younger adults. This is verified in the effect of the interac-
tion, which is also significant (F1,84 = 20 410, p = 0 001),
because the level of confidence is 0.95.

Post hoc analysis using the Tukey test reveals significant
differences in the pre-postevaluation in the group of younger
adults (p < 0 001) but not in the older adults (p < 0 780)
(Table 2 and Figure 7).

4.3. Analysis of Source Localization with sLORETA. The
descriptive analyses show that, in the basal evaluation of
younger adults, there is activity in the right hemisphere
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Figure 4: Mean and SD of correct and incorrect responses in
younger and older adults.
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gyrus: orbitofrontal, superior temporal, and postcentral, as
well as in the insula; there is also activity in the left superior,
middle, and inferior temporal gyri. After training, that is, in
the postevaluation of the group of younger adults, the activity
was observed in the left hemisphere gyrus: angular, middle
temporal, superior, and middle frontal (Figure 8).

In older adults, the activity in the basal evaluation was
observed in the left superior and middle frontal gyrus, right
parietal superior lobe, and right postcentral gyrus. In the
group of older adults, the activity in the postevaluation was
observed in the left postcentral gyrus and in the right lateral
orbitofrontal gyrus (Figure 9).

5. Discussion

To the best of our knowledge, this is the first cerebral study
assessing a reasoning training task in younger and older

adults. The results confirm the effects of cognitive training
on the brain and behavior, since the posttraining evaluation
showed less brain activity and a better performance in the
proposed cognitive task in both younger and older adults.
On the other hand, the results confirmed hypothesis (a) of
greater activation in younger adults during the basal evalua-
tion compared to older adults. However, the results do not
confirm hypothesis (b) since there were no increases in brain
activity in older adults after training. In addition, hypothesis
(c) on the effects of training on psychological variables is
partially verified. The number of correct answers increased
in the posttraining tasks; at the same time, reaction times
grew unexpectedly. Globally considered cerebral results show
that older adults may have less efficient cerebral resources for
cognitive processing. Posttraining performance among older
subjects is comparatively poor with respect to younger sub-
jects, evidencing older adults’ reduced cognitive capacity to
buffer high demands. In addition, the trend of lower brain

Table 1: Repeated measures analysis of variance for the number of correct and incorrect responses preevaluation and postevaluation in
younger and older adults.

Effect

Repeated measures analysis of variance with effect sizes and powers
(data_saveMeanxTask_repeated measures)

Sigma-restricted parameterization
Effective hypothesis decomposition

SS Dgr. of freedom MS F p

Intercept 395255.1 1 395255.1 2105.690 0.001

Groups 4539.9 1 4539.9 24.186 0.001

Error 15767.5 84 187.7

Correct vs. incorrect 47302.5 1 47302.5 188.596 0.001

Correct vs. incorrect ∗ groups 3680.4 1 3680.4 14.674 0.001

Error 21068.3 84 250.8

Younger adults Older adults
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Pre_post correct vs incorrect_pre
Pre_post correct vs incorrect_post

Figure 5: Significant differences between correct/incorrect responses
preevaluation and postevaluation, within age groups.
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Figure 6: Mean and SD of reaction times in younger and older
adults.
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activation and worse performance in older adults, in both the
baseline task and posttraining, may be interpreted as an age-
dependent phenomenon rather than as a result of the
demand of the task.

Through the psychological behavior of the participants, it
is observed that both the number of successes and the reac-
tion times increased after training in the two age groups.
However, after training, the number of correct answers in
younger adults reached almost 75% compared to the number
of correct answers of the older ones that reached a little more
than 50%. These results are consistent with an extensive
body of information that supports a greater neurobiological

decline that accompanies aging and explains why older adults
obtain worse results than younger adults in cognitive perfor-
mance tests [13, 29]. However, aging studies reveal large
interindividual differences in cognitive performance where
older adults’ cognitive performance may equal that of youn-
ger adults with training and practice [30]. In this sense, the
ACTIVE longitudinal study shows that older subjects who
receive cognitive training maintain an improved capacity to
reason above the baseline for ten years [31].

The increased reaction times after training, specifically in
the younger group, contradict the hypothesis stated in the
present study, which was based on the usual assumption that
training an ability implies the diminution of the time
required for its processing. However, when the peculiarities
of the type of trained reasoning are taken into account,
the increase in processing time is an index of robust cerebral
consequences of training. The reasoning process applied
by subjects after training is a computational step-by-step
procedure which is fully explicit and compositional. That is,
subjects must first process the cards composing the items,
then combine them and apply the definition of a set. This is
a well-known recursive or computational task [32] which
consumes time as a linear function of its logical and relational
complexity. In neuroscientific literature, there are only some
initiatory studies on neural realizations of compositional
processes in the brain [33, 34].

Therefore, while, in the untrained (basal) evaluation, the
subject induced which rules could be applied without clues,
in the trained version, the subject computed or applied
deductive rules in a recursive and compositional way.
Trained subjects did not need to grope for heuristic shortcuts
as they had to in the basal evaluation. In this case, increased
time is consequently an evidence of the effect of training.

The results in the source localization show a greater cere-
bral activation in the basal evaluation (which is more
demanding) in both age groups. Bilateral cooperation is pres-
ent in the realization of the basal evaluation, but the activa-
tion in the group of younger adults is located in the frontal
areas, while in the group of older adults, the activation affects
posterior as well as anterior areas (see Figures 8 and 9). In
this case, the reviewed literature [35] attributes this kind of
overrecruitment to a compensatory activation that allows a
task to be successfully carried out. It is important to note
that in the basal evaluation, the subject must discover the
rules that fit the elements of each item. Therefore, the basal
evaluation involves a greater use of cerebral and cognitive
resources than if the instructions of the task are already
known. In the case of older adults, both perceptive resources
and more complex abstract resources are used in the basal
evaluation, which contradicts the results of the reviewed liter-
ature [36]. In particular, some investigations found that due
to the loss of sensory acuity, there was a decrease in the acti-
vation of anterior areas in favor of the activation of posterior
areas [10, 37]. This loss means that basic cognitive operations
and familiar tasks become more complex for older adults,
and they have to relearn new modulations of brain activity
and cognitive resources. However, the fact that the task of
the study is visual explains in part why there is brain activity
in the anterior areas.

Table 2: Repeated measures analysis of variance for the reaction
time preevaluation and postevaluation in younger and older adults.

Effect

Repeated measures analysis of variance with effect sizes
and powers (data_saveMeanxTask_repeated measures)

Sigma-restricted parameterization
Effective hypothesis decomposition

SS
Dgr. of
freedom

MS F p

Intercept 885743564 1 885743564 921.6854 0.001

Groups 1633924 1 1633924 1.7002 0.019

Error 80724353 84 961004

TR 15492871 1 15492871 40.9207 0.327

TR ∗
groups

7727593 1 7727593 20.4106 0.195

Error 31802969 84 378607
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Figure 7: Significant differences between reaction times
preevaluation and postevaluation, within age groups.
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The localization of sources of brain activity after training
in younger adults goes from being bilateral to focal. In partic-
ular, activation is now focused on the left medial angular
gyrus, the temporal and frontal areas, and the left superior
frontal area. Other investigations also related these cerebral
areas to deductive reasoning [38]. Therefore, the results show
that the estimate of the demand of the task posttraining in
this group has decreased with respect to the baseline task.
In the case of older adults, the training does not cause
such remarkable brain activity changes, and the strategy
of bilateral activation of anterior and posterior areas is
maintained. In particular, the parietal and fronto-orbital
areas are activated, which again produces a wide overlap
between the perceptual and abstract resources also used in
the basal evaluation. The surprising lower brain activation
posttraining with respect to the basal evaluation contradicts
hypothesis (b) about older adults. One explanation could be
a ceiling effect linked to high levels of demand in older adults
[1]. That is, when older adults face a demanding task that is
beyond their capacity, their performance level and brain
activity both decrease [13]. However, the better cognitive
results and the fact that the activation in the two groups is

lower after training are proofs of the effect of training on cog-
nitive and cerebral activity.

In summary, bilaterality may be a marker of how the
brain adapts to maintain cognitive function in demanding
tasks in both age groups. However, the differential bilateral
locations across age groups indicate that the tendency of
the brain to modulate is determined by age. One limitation
of the study concerns the fact that all tasks are visual, thus
restricting the possibility of verifying if posterior activation
in older adults is due to the visual tasks. The high demand
of the tasks and the short training period of the study may
explain why older subjects improved 20% less than younger
adults. Future research should replicate these results with
nonvisual tasks and longer training periods to profoundly
understand the benefits obtained from practice and training
at a neurological level.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.
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Hearing aids (HAs) are an effective strategy for auditory rehabilitation in patients with peripheral hearing deficits. Yet, the
neurophysiological mechanisms behind HA use are still unclear. Thus far, most studies have focused on changes in the auditory
system, although it is expected that hearing deficits affect a number of cognitive systems, notably speech. In the present study,
we used audiometric evaluations in 14 patients with bilateral hearing loss before and after one year of continuous HA use and
functional magnetic resonance imaging (fMRI) and cortical thickness analysis in 12 and 10 of them compared with a normal
hearing control group. Prior to HA fitting, fMRI activity was found reduced in the auditory and language systems and increased
in visual and frontal areas, expanding to multimodal integration cortices, such as the superior temporal gyrus, intraparietal
sulcus, and insula. One year after rehabilitation with HA, significant audiometric improvement was observed, especially in free-
field Speech Reception Threshold (SRT) test and functional gain, a measure of HA efficiency. HA use increased fMRI activity in
the auditory and language cortices and multimodal integration areas. Individual fMRI signal changes from all these areas were
positively correlated with individual SRT changes. Before rehabilitation, cortical thickness was increased in parts of the
prefrontal cortex, precuneus, fusiform gyrus, and middle temporal gyrus. It was reduced in the insula, supramarginal gyrus,
medial temporal gyrus, occipital cortex, posterior cingulate cortex, and claustrum. After HA use, increased cortical thickness was
observed in multimodal integration regions, particularly the very caudal end of the superior temporal sulcus, the angular gyrus,
and the inferior parietal gyrus/superior temporal gyrus/insula. Our data provide the first evidence that one year of HA use is
related to functional and anatomical brain changes, notably in auditory and language systems, extending to multimodal cortices.

1. Introduction

Peripheral hearing deficits have a profound impact on the
central auditory system, hampering individual communi-
cation and social interaction [1]. Individuals with hearing
impairment can benefit from rehabilitation with cochlear
implant (CI) and acoustic hearing aid (HA) devices. In both
cases, patients experience significant improvement in their
general condition, including cognitive abilities such as mem-
ory and language comprehension [2, 3].

Little is known, however, about neurophysiological
mechanisms underlying these beneficial changes, and most

knowledge on the topic is still based on animal models.
Lesions to different segments of the auditory system are asso-
ciated with specific changes in the neuronal representation of
sound stimuli in cats [4], monkeys [5], mice [6], birds [7],
and rabbits [8]. Furthermore, molecular and electrophysi-
ological evidences show that rehabilitation with CI, for
instance, leads to changes in the auditory system [8, 9].

In humans, advances in neuroimaging have expanded
considerably the exploration of the auditory system, both in
normal hearing subjects [10] and in patients with hearing
impairment [11, 12]. Positron emission tomography (PET)
and functional MRI (fMRI) have already found consistent
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reduced activity of the auditory cortex in patients with hear-
ing deficits [13, 14], which is at least partially recovered with
CI and HA [12, 14, 15].

Only very few studies used neuroimaging to probe the
impact of auditory rehabilitation over higher cognitive func-
tions, and most of them have focused on language cortices,
particularly Wernicke’s area (Brodmann area—BA22) [12,
16]. In general, auditory deprivation leads to decreased acti-
vation of this area, which is recovered at least partially by
rehabilitation, for instance, with CI [17]. It has been regarded
as a fact that the use of hearing devices allows access to the
auditory information to language centers, therefore leading
to increased activity of this area. However, to our knowledge,
these are still no solid evidence suggesting that this is the case
or if there are other mechanisms involved. Thus, the first aim
of this longitudinal study is to investigate the impact of
HA use over audiometric scales, anatomical and functional
MRI, and their correlations.

Furthermore, it is well known that the integration of
auditory and visual information greatly improves the ability
of language comprehension [18]. In fact, patients with hear-
ing deficits often exhibit increased activity in areas related to
visual functions, during auditory stimulation [19, 20]. There-
fore, we also aimed to deeply explore brain areas involved in
multimodal integration, such as the superior temporal sulcus
(STS), the middle intraparietal sulcus (IT, BA40), the inferior
frontal gyrus (IFG, BA44, BA45, and BA47), and the insula
(BA13). The second objective of this study was to explore
effects of auditory deprivation and recovery in sensory inte-
gration systems, for aurally delivered stimuli.

2. Material and Methods

This work was approved by the Ethics and Research Com-
mittee of the University of São Paulo, Ribeirao Preto School
of Medicine (no. 2413/2007). Written informed consent
was obtained from all participants. The data that support
the findings of this study are available from the correspond-
ing author upon request.

2.1. Subjects. Two groups participated in the current study:
14 postlingual deaf patients (P) with sensorineural hearing
loss (5 women, age = 51.29± 18.8 years) and 11 normal hear-
ing control group (CG) (5 women, age = 46.54± 19.88 years).
At the time of recruitment, all patients had mild to severe
bilateral sensorineural hearing loss and were referred to us
by an otorhinolaryngologist for HA use (see Suppl. Table 1
for clinical details).

2.2. Audiometric Evaluation and Hearing Aid. The HAs used
were manufactured by Widex (Lynge, Denmark). Four
patients were fitted with completely in the canal (CIC) HA,
and ten patients were fitted with intracanal (ITC) HA, with
digital processing and compression (Suppl. Table 1).
During the first two months of HA fitting, patients were
evaluated weekly. After acclimatization, all patients were
asked to use the HA for at least 10 hours a day.

Audiological evaluation followed the Brazilian protocol
and occurred twice: right before HA fitting and right after

one year of continuous HA use. All patients underwent pure
tone audiometry tests by air and bone in an acoustic cabin,
with headphones, for the following frequencies: 250Hz,
500Hz, 1000Hz, 2000Hz, 3000Hz, 4000Hz, 6000Hz, and
8000Hz. The pure tone auditory threshold was defined as
the minimum level of sound intensity necessary for the pure
tone, at each frequency, to be perceived. Patients were
instructed to press a button every time they heard a sound
(whistle) in the ear being tested. The tones began at higher
sound levels that were gradually lowered from 120 dB to
15 dB. In patients with asymmetric loss, we started with the
better ear. The test was performed for all frequencies on
one ear first and then the other ear. Pure tone averages
(PTA) were computed as the average of the thresholds
obtained for the frequencies of 500, 1000, and 2000, accord-
ing to Davis and Silverman [21].

Also, in an acoustic cabin, we evaluated the patient’s
ability to recognize speech sounds and measured the Speech
Reception Threshold (SRT) for disyllables [22]. SRT is
defined as the lowest sound level in which the patient is able
to perceive and to repeat out loud correctly 50% of the
words presented.

Subjects were also submitted to bone pure tone audiom-
etry in which a pure tone signal is delivered by a bone vibra-
tor (coupled to the arc) placed onto the individuals’mastoid.
Hearing thresholds were obtained for the same frequencies
used in the air pure tone audiometry. Only patients with sen-
sorineural hearing loss were included, defined as those with
equal thresholds measured by air and bone audiometry.

Pure tone audiometry and SRT were also performed in
free field. Patients were positioned in an acoustic cabin, this
time without headphones [22]. They were instructed to press
a button whenever they perceived a sound stimulus. Free-
field evaluation allows the calculation of functional gain
(FG), a procedure defined by Pascoe [23], and is used to eval-
uate the efficiency of HA interventions. It consists of comput-
ing the percentage change in free field by comparing aided
and unaided thresholds, i.e., with and without HA in place.

We first performed the evaluation without HA in place
and then with HA positioned in one ear only, while the other
ear remained without HA. Functional gain (FG)= aided
threshold minus the unaided threshold. Thresholds were
obtained for each ear separately. Patients remained seated
with one ear pointing to a speaker positioned in the horizon-
tal plane of the ear. First, the tested ear had the HA in place,
while the other ear was unaided. Then, HA was removed, and
a new threshold was obtained, this time with both ears
unaided. The same procedure was repeated with the other
ear pointing to the speaker.

Between-group comparison (patients vs. control group)
was assessed by the Mann–Whitney U test, while within-
group differences (patients before HA use×patients after
HA use) were inspected by the Wilcoxon test for two depen-
dent samples.

2.3. fMRI Acquisition. There were two MRI sessions: right
before HA fitting and after one year of HA use. Subjects were
scanned in a 1.5T scanner (Siemens, Magneton Vision,
Erlangen, Germany) with a commercially available TX/RX
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head coil. fMRI acquisition used an echo-planar imaging
(EPI) sequence, with the following parameters: 66 volumes,
each one composed of 16 axial slices covering both hemi-
spheres, TR=4600ms, TE=60ms, flip angle=90°, FOV=
220mm, matrix = 128× 128, and slice thickness = 5mm.

Whole brain anatomical T1-weighted images were also
acquired using a 3D gradient-recalled echo (GRE) sequence,
with the following parameters: TR=9.7ms, TE=4.0ms,
matrix size = 256× 256, flip angle=12°, FOV=256mm, slice
number = 154, and slice thickness = 1mm.

2.4. Experimental Paradigm. fMRI auditory stimuli were deliv-
ered by MRI compatible headphones (Siemens, Erlangen,
Germany) maintaining the same sound level in both ears
and for both sessions: before and after HA fitting. The task
consisted of listening to a story, presented in a block design,
with five blocks of the story (27.5 seconds each) interrupted
with five blocks of rest (27.5 seconds each) [24]. The same
story was used in both sessions, recorded by a male voice,
and delivered to both ears, using the same sound level in both
sessions and for all patients (30 dB). Subjects were asked to
report the story’s content after each session, and story com-
prehension was rated using a 0–5 Likert scale (0—did not
understand at all, 1—understood isolated words, 2—under-
stood 25% of the story, 3—understood 50% of the story,
4—understood 75% of the story, and 5—understood the
entire story). Prior to fMRI acquisition, subjects were care-
fully instructed not to move while in the scanner and to pay
as much attention as possible to the story being told.

2.5. fMRI Analysis. fMRI data were processed using Brain-
Voyager QX 1.86 (Brain Innovation, Maastricht, Netherlands)
according to the same procedures described elsewhere
[24, 25]. Preprocessing steps consisted of motion correc-
tion, high pass temporal filter at 0.01Hz, spatial filtering
(FWHM=4mm), and transformation into Talairach space.
fMRI group differences were analyzed using a fixed-effect
general linear model (GLM) with separate subject predic-
tors. Clusters were selected using a threshold corrected for
multiple comparisons (q FDR < 0.05) and with an extension
of at least 50mm3. Group analysis included 2 orthogonal
contrasts: (i) controls (CG) vs. patients before intervention
(PB) and (ii) patients before intervention (PB) vs. patients
after intervention (PA).

2.6. Correlation Analysis. A Pearson correlation analysis was
used to assess whether individual fMRI β-values were corre-
lated with individual changes in SRT with headphones, com-
puted as a global difference between thresholds observed
before and after intervention, according to [SRT (right ear
before) + SRT (left ear before)]− [SRT (right ear after) + SRT
(left ear after)]. Correlation was computed in specific regions
of interest (ROI), involved in the auditory and Wernicke’s
area (BA22, BA41, and BA42), as well as in brain areas
related to multimodal integration, such as the superior tem-
poral sulcus (STS), the middle intraparietal sulcus (IT), and
the insula.

2.7. Cortical Thickness (CT). In order to evaluate whether the
use of the HA would also be associated with neuroanatomical

changes, we used FreeSurfer image analysis suite for cortical
reconstruction and volumetric segmentation, which is docu-
mented and freely available for download online (http://
surfer.nmr.mgh.harvard.edu/). Processing was performed
on a Mac-Pro OS X 10.8.2, 2× 2.26GHz Quad-Core Intel
Xeon. Preprocessing steps included grey/white segmentation,
segmentation of the pial surface, for final computation of cor-
tical thickness (CT) maps [26]. Statistical significance was set
at p < 0 01.

3. Results

3.1. Audiometric Evaluation. Figure 1(a) shows the pure tone
averages (PTA) obtained with headphones for all groups.
PTA with headphones in the control group (CG) revealed a
threshold of 15.68± 8.34 dBHL for the right and 14.66±
8.47 dBHL for the left ear, which are within the range of
normality for adults (0–25dBHL). Supplementary Figure 1
shows the CG thresholds with headphones for all tested
frequencies. Supplementary Table 2 shows individual CG
PTA.

Before intervention, PTA with headphones in the
patient group was 53.58± 12.94 dBHL for the right ear and
54.33± 12.10 dBHL for the left ear (Figure 1(a)). After one
year of HA use, PTA changed to 53.03± 13.61 dBHL and
52.00± 11.77 dBHL, respectively, for the right and left ears,
which were not significantly different from baseline
(Figure 1(a)). We found statistically significant differences
between controls and patients before intervention (p < 0 001,
Figure 1(a)). All patients showed a tonal threshold superior
to 25 dBHL for all frequencies tested, both before and after
interventions (see Suppl. Figure 2 and Suppl. Table 3 for
individual results).

Figure 1(b) shows Speech Reception Threshold (SRT)
with headphones for all groups studied. The SRT measured
with headphones in the CG is considered normal: 10.91±
7.01 dBHL and 11.36± 7.10 dBHL for the right ear and the
left ear, respectively (Figure 1(b)). At baseline, patients
showed SRT of 45.71± 14.92 and 46.43± 11.67 for the right
and left ears, respectively (Figure 1(b)). These values reduced
significantly after HA use and averaged 36.79± 15.14 for the
right ear (p < 0 001) and 38.21± 11.03 (p < 0 002) for the left
ear (Figure 1(b)). Although a significant improvement was
observed, SRT with headphones was still significantly differ-
ent between controls and patients after HA use, for both ears
(p < 0 0001, Figure 1(b)). Supplementary Tables 2 and 4
show individual SRT with headphones for all groups studied.

Free-field PTA and SRT were evaluated in patients only
(Figure 2). Before HA use, free-field PTA thresholds averaged
33.15± 8.48 dBHL (right ear) and 32.68± 10.29 dBHL (left
ear). After HA use, free-field PTA improved significantly in
both ears (p < 0 001), reaching 27.68± 5.64 dBHL (right ear)
and 28.27± 7.40 dBHL (left ear). Supplementary Table 5
shows individual free-field PTA, and Supplementary
Figure 3 shows free-field tonal audiometry for all frequencies.

Likewise, free-field SRT improved significantly after HA
use for both ears (p < 0 001, Figure 2(b)). It changed from
24.93± 8.36 dBHL (right ear) and 25.71± 5.50 dBHL (left
ear) to 17.86± 8.48 dBHL (right ear) and 18.21± 4.64 dBHL
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(left ear) after HA use (Figure 2(b)). Supplementary Table 6
shows the individual free-field SRT results.

Both PTA and SRT functional gain (FG) improved signif-
icantly after HA use. PTA-FG improved significantly for both
ears, from 33.15± 8.48 dB to 27.68± 5.64 dB (right ear, p =
0 001) and from 32.68± 10.29 dB to 28.27± 7.40 dB for the

left ear. SRT-FG also showed significant improvement from
23.93± 8.36 dB to 17.50± 9.15 dB (p = 0 001, right ear) and
from 25.71± 5.49 dB to 18.21± 4.64 dB (p = 0 001, left ear).

3.2. fMRI. Two patients (#5 and #14) had to be excluded
from further fMRI analysis due to excessive motion artifact
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Figure 1: (a) PTA and (b) SRT with headphones of the control group, the patients before HA use (PB), and patients after HA use (PA). (a)
Mean and standard deviations are shown for right and left ears. Results of PTA with headphones revealed statistical differences (∗∗p < 0 001)
in both ears between the CG and PB and PA.When comparing the PB with the PA, statistically significant difference was observed only for the
left ear (∗p < 0 04). (b) SRT results with headphones demonstrated statistically significant results between PB and PA for the right ear
(∗∗p < 0 001) and for the left ear (∗∗∗p < 0 002). Moreover, statistical analysis indicated significant differences between the GC and PB and
PA (∗p < 0 0001, for both ears).
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Figure 2: (a) PTA and (b) SRT in free field for the patients before (PB) and after (PA) HA use. Mean and standard deviation are shown for
right and left ears before and after HA use. (a) PTA results in free field demonstrated statistically significant changes induced by HA use in
both ears (∗∗p < 0 001). (b) SRT evaluation in free field also showed a significant improvement in both ears (∗∗p < 0 001).
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(translation> 2mm) in at least one of the two sessions, leav-
ing 12 subjects in the final fMRI dataset.

The fMRI task was designed to engage auditory and
language receptive fields [25, 27]. Indeed, in control sub-
jects, it produced a robust activation in the auditory cortex
for the contrast task (story) vs. baseline in the transverse
temporal gyrus (BA41 and BA42) and language centers
including Wernicke’s area (BA22) (see Suppl. Figure 4 and
Suppl. Table 7).

Figure 3 shows the fMRI results for the comparison
between controls and patients before (PB) HA use. Statistical
maps were much more diffuse in patients than in controls
(Figure 3, Tables 1 and 2). Our results suggest that auditory
deprivation is represented by decreased activity in the bilat-
eral auditory cortex (BA41 and BA42) and Wernicke’s area
(Figure 3, Table 1). We also found increased activity in large
portions of the frontal and occipital lobes, including bilateral
visual areas (BA17, BA18, and BA19) and areas involved in
multimodal integration, such as bilateral superior temporal
sulcus (STS), middle intraparietal sulcus (IT, BA40), bilateral
inferior frontal gyrus (IFG, BA44, BA45, and BA47), and the
insula (BA13) (Figure 3, Table 2).

Figure 4 shows the fMRI results from the direct compar-
ison between patients before (PB) vs. after (PA) HA use.
Rehabilitation with HA leaded to increased activity of the left
transverse temporal gyrus (BA40, BA41), Wernicke’s area
(left BA22), the left insula (BA13), and left superior frontal
gyrus (BA8) (Figure 4, Table 3). We also found that interven-
tion leads to reduced activity in left visual association areas
(BA18, BA19), middle and superior frontal gyri (BA9,
BA10, and BA46), and the thalamus (Figure 4, Table 4).

Figure 5 shows the correlation between individual
changes in fMRI β-values and changes in SRT. We observed
significant positive correlations in bilateral BA22 (p < 0 006,
left; p < 0 04, right), left BA41 (p < 0 04), left BA42 (p < 0 01),
left insula (p < 0 05), and left superior temporal gyrus
(p < 0 05).

3.3. Cortical Thickness Analysis. Cortical thickness (CT)
could not be estimated in two patients (#5 and #14) due
excessive motion artifact in at least one of the sessions.

Figure 6 showsCTsignificant differences between controls
and patients at baseline (PB). Before intervention, patients
presented significant increased CT in bilateral prefrontal cor-
tex (BA9 and BA10), precuneus/superior parietal gyrus
(BA7), fusiform gyrus (BA37), and right posterior (BA39)
and central portions (BA21) of the middle temporal gyrus
(Figure 6, Table 5). We observed reduced CT bilaterally
in portions of the visual cortex (BA17 and BA18), insula
(BA13), supramarginal gyrus (BA40), left superior (BA41)
and middle (BA21) temporal gyri, right parahippocampus
(BA35), right posterior cingulate cortex (BA31), and the
claustrum (Figure 6, Table 6).

When directly comparing patients before (PB) and after
(PA) HA use, cortical thickness was increased in the left
angular gyrus (BA39), located at the very caudal end of
the superior temporal sulcus and in the right inferior pari-
etal gyrus/superior temporal gyrus/posterior insula (BA13)
(Figure 7, Table 7). We did not find areas of significant

reduced CT after interventions when compared to baseline
values of the patients.

4. Discussion

In this study, we explored audiometric, anatomical, and
functional brain changes following a one year of continuous
HA use in postlingual deaf patients. We observed improved
audiometric scores after intervention, particularly of speech
recognition, together with fMRI signal increase in the pri-
mary auditory cortex, Wernicke’s area, and visual areas.
HA use also led to decreased fMRI activity in multimodal
integration regions, such as the superior temporal sulcus
(STS), the middle intraparietal sulcus (IT), and the insula.
We observed significant positive correlations between
changes in the speech recognition test and increased activity
in the primary auditory cortex, Wernicke’s area, left insula,
and left STS. We also found increased cortical thickness
after HA use in the left angular gyrus (BA39) and in the
right posterior parietal/temporal junction, including the
posterior insula.

Our measured pure tone averages (PTA) suggest that
binaural HA fitting in individuals with postlingual sensori-
neural hearing loss steadies the deterioration of peripheral
hearing, as already observed in previous reports [28]. In our
study, patients also improved their SRT, both with head-
phones and in free field. It is well demonstrated that the reha-
bilitation with HA improves speech recognition, already at
six to twelve weeks of HA use [29–31]. We also observed
increased functional gain (FG), both for PTA and SRT mea-
surements. Overall, our audiometric results suggest a signifi-
cant benefit of HA use in speech recognition tasks, while the
peripheral auditory system (cochlea, auditory nerve) may not
evolve after HA use.

Compared to the control group, patients engaged much
broader portions of the brain, including regions in the fron-
tal, parietal, and occipital lobes (Tables 1 and 2). After HA
use, activity was reduced in frontal and occipital regions
and increased in the auditory cortex, Wernicke’s area, and
regions involved multimodal integration (Table 4).

Our observations are consistent with previous neuroim-
aging studies that reported increased activity in auditory-
related cortices after CI [13–15]. Besides the auditory system,
our results suggest increased activity in the primary and
visual association occipital regions (Tables 3 and 4).
Increased activity in visual areas has been reported in both
fMRI and MEG, in patients with hearing loss [20]. Previous
fMRI studies suggest that rehabilitation with CI increases
the activity in the left middle occipitotemporal junction
(BA37 and BA19) and in the posterior inferior temporal
region (BA21 and BA37) [15]. Furthermore, the activity of
visual cortex shortly after implantation seems to be related
to the level of auditory recovery after cochlear implantation
[19], and changes in functional connectivity across visual,
temporal, and inferior frontal cortices have important conse-
quences for subsequent CI outcome [32].

Such observations highlight the importance of multi-
modality as a fundamental aspect of human brain organi-
zation. Indeed, the old notion that sensory inputs are
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processed in specific and unimodal cortices is outdated [33].
For instance, studies in congenitally blind subjects have con-
sistently found increased activity in the primary visual cortex
during auditory stimulus processing [34, 35]. Moreover, sev-
eral lines of evidence indicate that under certain circum-
stances and for specific visual tasks, hearing impairment
leads to increased visual ability following congenital deafness
[36]. In our study, we observed augmented fMRI activation
of striate cortex (BA17) and extrastriate visual areas (BA18
and BA19), before rehabilitation. Increased recruitment of
the visual system of hearing-impaired individuals in response
to auditory stimuli has been reported in previous PET studies
[37, 38]. Such findings have been interpreted as a result of
the increased demand for visual cues during speech process-
ing in individuals with hearing deficits [38]. Possibly as a

result of reduced demand, HA use was associated with
reduced activity in the secondary and associative visual areas
(BA18 and BA19).

Increased activity in frontal areas may reflect increased
effort, inner speech with speech production, and/or increased
audiovisual (AV) cooperation. In fact, after one year of HA
use, we observed significant increased activity in bilateral
auditory cortices. Besides, we have found increased activity
in Wernicke’s area (BA22) (Table 4) and reduced activity
in visual areas, such as BA18 and BA19 (Table 3). Together,
these results may show a different balance in AV interac-
tion, with a reactivation of auditory speech areas and a
more leftward lateralized network, i.e., a more physiological
speech processing, less demanding after HA use. The recent
study suggests that hearing loss impacts audiovisual speech
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Figure 3: fMRI group analysis: controls versus patients before HA use. (a) Left and (b) right hemispheres, respectively. Color code indicates
statistical significance. Warm colors (red-yellowish) show regions where activity was greater in controls than in PB, and cool colors
(blue-greenish) show the opposite contrast (PB>CG). Clusters were selected with a q FDR < 0.05 and size of at least 50mm3.

Table 1: Brain regions with increased fMRI activity in controls (CG) when compared to patients before HA use (PB). The center of the cluster
for each brain region is represented in Talairach coordinates (x, y, and z), followed by its respective standard deviations (in parentheses).
Clusters were selected using a q FDR < 0.05 and a cluster size of at least 50mm3.

Brain region Hem Cluster size
Talairach coordinates

BA
x y z

Middle temporal gyrus L 2403 −60 (5) −33 (14) 0 (7) 21, 22, 37, 39

Middle temporal gyrus R 855 59 (4) −26 (15) −3 (6) 21, 22, 37, 39

Transverse temporal gyrus L 226 −53 (8) −20 (4) 11 (1) 41, 42

Superior temporal gyrus L 2893 −56 (6) −18 (21) 3 (9) 22, 39, 41, 42

Superior temporal gyrus R 1255 54 (6) −12 (19) 0 (8) 22, 39, 41, 42

Inferior frontal gyrus R 278 47 (2) 16 (4) 0 (14) 47

Inferior frontal gyrus L 107 −51 (3) 15 (5) 0 (12) 47

Middle frontal gyrus L 223 −2 (1) −2 (4) 50 (2) 6

Hem= hemisphere; L = left; R = right; and BA = Brodmann area.

6 Neural Plasticity



processing accompanied by changed activity in frontal brain
areas, which are modulated by the level of hearing loss [39].

Clinical observations have demonstrated the impact of
hearing impairment on higher cognitive processes [2], which
can be at least partially recovered by auditory rehabilitation.
For instance, it has been observed significant improvements
of learning and speech in children after CI [15]. Interestingly,
we observed significant correlations between individual fMRI
signal changes in auditory (BA41 and BA41) and Wernicke’s
areas (BA22) and individual change in SRT. This finding

links, to our knowledge for the first time, clinical evidence
of improved language abilities in patients with hearing loss
after auditory rehabilitation with acoustic amplification.

Our results also suggest increased recruitment of brain
areas involved in multimodal integration, after HA use,
observed as increased fMRI activity in the superior temporal
sulcus (STS), the middle intraparietal sulcus (IT, BA40), the
inferior frontal gyrus (IFG, BA44, BA45, and BA47), and
the insula (BA13). It is possible that HA use improved the
quality of information provided by the auditory system to

Table 2: Brain regions with increased fMRI activity in patients before HA use (PB) when compared to controls (CG). The center of the cluster
for each brain region is represented in Talairach coordinates (x, y, and z), followed by its respective standard deviations (in parentheses).
Clusters were selected using a q FDR < 0.05 and a cluster size of at least 50mm3.

Brain region Hem Cluster size
Talairach coordinates

BA
x y z

Cuneus R 601 14 (5) −78 (6) 11 (4) 17, 18

Lingual gyrus R 872 20 (7) −73 (11) −2 (5) 17, 18, 19

Lingual gyrus L 930 −19 (6) −66 (11) −3 (5) 17, 18, 19

Precuneus R 355 12 (7) −61 (8) 25 (5) 19

Precuneus L 392 −13 (11) −59 (8) 29 (7) 19

Fusiform gyrus R 489 33 (7) −60 (12) −12 (3) 19, 37

Fusiform gyrus L 770 −32 (9) −62 (19) −13 (3) 18, 19, 37

Middle occipital gyrus L 565 −33 (8) −80 (8) 3 (8) 18, 19

Superior temporal gyrus L 178 −45 (5) −43 (13) 19 (8) 13, 22, 41, 39

Superior temporal gyrus R 152 43 (7) −52 (5) 20 (3) 13, 22, 39

Inferior temporal gyrus L 318 −53 (5) −38 (27) −10 (9) 19, 20

Middle temporal gyrus L 374 −49 (10) −45 (25) 2 (11) 19, 21

Parahippocampal gyrus R 1131 24 (6) −22 (14) −14 (7) 28, 34, 35, 36, hippocampus, amygdala

Parahippocampal gyrus L 1237 −25 (8) −26 (12) −12 (7) 27, 28, 34, 35, 36, hippocampus, amygdala

Cingulate gyrus L 1206 −7 (5) −2 (28) 34 (5) 23, 24, 31, 32

Cingulate gyrus R 2492 7 (4) −2 (22) 34 (5) 23, 24, 30, 31, 32

Anterior cingulate L 482 −10 (5) 37 (3) 18 (5) 32

Anterior cingulate R 935 8 (5) 35 (9) 15 (7) 24, 32, 33

Posterior cingulate L 873 −6 (6) −54 (6) 17 (5) 23, 29, 30, 31

Posterior cingulate R 974 8 (7) −54 (9) 15 (5) 23, 29, 30, 31

Insula R 616 37 (4) 4 (18) 12 (6) 13

Insula L 1213 −38 (5) −5 (19) 12 (8) 13

Inferior frontal gyrus L 796 −45 (8) 16 (6) 10 (13) 6, 9, 10, 44, 45, 46, 47

Middle frontal gyrus L 2596 −6 (5) 39 (11) 28 (10) 6, 8, 9, 10

Middle frontal gyrus R 2607 7 (4) 41 (10) 26 (11) 6, 8, 9, 10

Middle frontal gyrus R 242 38 (7) 23 (20) 27 (12) 6, 9, 10, 46

Middle frontal gyrus L 1416 −37 (8) 26 (20) 29 (14) 6, 8, 9, 10, 46

Superior frontal gyrus R 882 11 (6) 53 (5) 29 (5) 8, 9, 10

Superior frontal gyrus L 1932 −15 (10) 48 (13) 32 (10) 6, 8, 9, 10

Precentral gyrus L 465 −44 (5) 2 (6) 32 (11) 4, 6, 9, 43

Precentral gyrus R 497 45 (6) −7 (7) 34 (9) 4, 6

Inferior parietal lobe L 467 −44 (6) −37 (7) 38 (7) 39, 40

Caudate L 876 −14 (7) −6 (16) 16 (6)

Caudate R 938 18 (6) −11 (17) 17 (6)

Thalamus L 489 −7 (5) −16 (8) 9 (5)

Thalamus R 1144 16 (6) −17 (7) 10 (4)

Hem= hemisphere; L = left; R = right; and BA = Brodmann area.
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speech integration centers, changing the balance between
visual and auditory inputs. In fact, the process of multi-
sensory integration is apparently based upon a weighed

estimation of each sensorial input, which in turn depends
on the reliability of the information contained in each
modality [40]. In further supporting of this hypothesis is
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Figure 4: fMRI group analysis: patients before HA use (PB) versus patients after HA use (PA). (a) Left and (b) right hemispheres, respectively.
Color code indicates statistical significance. Warm colors (red-yellowish) show regions where activity was greater in PA than in PB, and cool
colors (blue-greenish) show the opposite contrast (PB>PA). Clusters were selected with a q FDR < 0.05 and size of at least 50mm3.

Table 3: Brain regions with increased fMRI activity in patients before HA use (PB) when compared to patients after HA use (PA). The center
of the cluster for each brain region is represented in Talairach coordinates (x, y, and z), followed by its respective standard deviations
(in parentheses). Clusters were selected using a q FDR < 0.05 and a cluster size of at least 50mm3.

Brain region Hem Cluster size
Talairach coordinates

BA
x y z

Cuneus L 118 −12 (2) −76 (2) 32 (1) 18, 19

Precuneus L 156 −15 (2) −73 (5) 33 (6) 19

Middle frontal gyrus R 260 43 (3) 37 (5) 17 (2) 10, 46

Middle frontal gyrus R 89 6 (2) 47 (1) 28 (2) 9

Superior frontal gyrus R 70 6 (2) 49 (1) 30 (2) 9

Superior frontal gyrus L 102 −4 (1) 55 (2) 25 (2) 9

Thalamus R 325 12 (3) −22 (3) 14 (2)

Hem= hemisphere; L = left; R = right; and BA = Brodmann area.

Table 4: Brain regions with increased fMRI activity in patients after HA use (PA) when compared to patients before HA use (PB). The center
of the cluster for each brain region is represented in Talairach coordinates (x, y, and z), followed by its respective standard deviations
(in parentheses). Clusters were selected using a q FDR < 0.05 and a cluster size of at least 50mm3.

Brain region Hem Cluster size
Talairach coordinates

BA
x y z

Superior temporal gyrus L 476 −51 (5) −1 (10) 1 (4) 21, 22, 41

Transverse temporal gyrus L 178 −42 (4) −23 (2) 12 (1) 40, 41

Superior frontal gyrus L 295 −6 (2) 40 (4) 46 (3) 8

Insula L 109 −39 (4) −23 (7) 12 (4) 13

Hem= hemisphere; L = left; R = right; and BA = Brodmann area.
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the significant positive correlation found between individ-
ual fMRI signal changes in the left insula and left STG with
individual changes in SRT, such that the greater the SRT
improvement, the greater was the fMRI signal change.

The aim of our study was not limited to investigate func-
tional reorganization due to HA use, but it also explored

neuroanatomical changes. Before HA use, cortical thickness
(CT) was reduced in the visual cortex (BA17 and BA18), pri-
mary auditory cortex (BA41), and multimodal cortex (BA13
and BA40) and increased CT was found in the associative
somatosensory cortex (BA7), prefrontal cortex (BA9 and
BA10), and middle temporal/fusiform gyrus (BA37). Only a
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Figure 5: Pearson correlations between individual SRT changes and individual fMRI β-values changes. SRT with headphones changes were
computed as a global difference between thresholds observed before and after intervention, according to [SRT (right ear before) + SRT (left ear
before)]− [SRT (right ear after) + SRT (left ear after)]. Only regions that presented statistically significant correlation are shown. Significant
correlations were found only after HA use in (a) left BA22, (b) right BA22, (c) left BA41, (d) left BA42, (e) left insula, and (f) left STG.
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few studies have used MRI to investigate neuroanatomical
changes due to auditory deprivation, and the results are not
consistent. A seminal study used voxel-based morphometry
(VBM) in prelingually deaf subjects and identified significant
reduced volume only in the left posterior STG [41]. In a more
recent study, VBM and CT analysis were applied to evaluate
individuals with profound sensorineural hearing loss [42].
No brain structure in the patient group presented increased
volume or CT, but the cortical thickness of the primary visual
area (BA17) was significantly smaller in patients than in the
control group [42]. In another study, CT was investigated
in adolescents with prelingual deafness and significant CT
differences were found in the right middle occipital gyrus,
right precuneus, left gyrus rectus, and left posterior cingulate
gyrus [43, 44].

After HA use, our results indicate increased CT at the
very caudal end of the STS, including the left angular gyrus
(BA39) and the inferior parietal gyrus/superior temporal

gyrus/posterior insula (BA13). All of these regions are
related to multimodality, and it is tempting to associate
these anatomical changes to the functional ones detected
by fMRI. Although there are evidence giving support to a
possible link between functional and anatomical changes
observed by MRI, this is still a matter of debate [45]. Indeed,
in some brain areas, the observed increased fMRI activity
was related to a reduced CT, as for instance BA17 before
HA use. On the other hand, sensory integration areas, such
as the left insula, showed increased CT and increased fMRI
activity after HA use.

This study has a number of caveats and limitations worth
mentioning. First, our sample size was limited to 12 patients
in the final functional and anatomical datasets. Second, the
absence of a control group (patients without intervention),
where patients would be placed on a waiting list for follow-
up intervention. However, the nature of this 1-year longitudi-
nal study hinders such design.During audiologic assessments,

p < 0.005
Le� hemisphere

Right hemisphere

p < 0.05

p < 0.05

p < 0.005

Figure 6: Cortical thickness changes of the patients before HA use (PB) when compared to the control group (CG). Color code indicates
p values. Warm colors (red-yellowish) show regions where cortical thickness was greater in PB than in the controls, and cool colors
(blue-greenish) show the opposite contrast (CG>PB).

Table 5: Regions of increased cortical thickness in patients at baseline (PB) when compared to controls (CG). Mean cortical thickness is
expressed in mm. The numbers in parentheses correspond to standard deviations. Statistical significance was based at p < 0 01.

Brain region Hem Nvox
Talairach coordinates

BA
PB CG

p value
x y z Mean (SD) Mean (SD)

Medial orbitofrontal gyrus L 176 −9.0 37.8 −13.5 10 3.12 (0.36) 2.54 (0.35) 0.001

Middle frontal gyrus L 111 −21.2 52.3 −9.7 10 2.83 (0.41) 2.45 (0.20) 0.010

Middle frontal gyrus R 226 38.9 20.0 25.7 9 2.89 (0.22) 2.59 (0.21) 0.005

Superior parietal gyrus L 209 −16.6 −70.1 37.3 7 2.35 (0.29) 2.00 (0.30) 0.010

Superior parietal gyrus R 55 22.6 −53.5 57.5 7 2.28 (0.16) 2.01 (0.28) 0.010

Precuneus L 58 −7.8 −52.7 37.5 7 2.96 (0.37) 2.50 (0.40) 0.010

Precuneus R 279 18.8 −66.1 34.2 7 2.49 (0.29) 2.21 (0.16) 0.010

Fusiform gyrus R 626 40.7 −48.7 −11.0 37 3.28 (0.16) 2.84 (0.25) 0.0002

Fusiform gyrus L 127 −50.9 −58.3 3.3 37 3.08 (0.21) 2.59 (0.29) 0.0003

Middle temporal gyrus R 281 54.5 −20.4 −18.6 21 3.34 (0.26) 2.95 (0.30) 0.005

Middle temporal gyrus R 56 49.4 −59.1 7.4 39 3.11 (0.21) 2.73 (0.38) 0.010

Entorhinal gyrus R 161 30.2 −3.5 −29.0 36 3.94 (0.50) 3.33 (0.31) 0.003

Hem= hemisphere; L = left; R = right; BA = Brodmann area; Nvox = number of voxels in the cluster; SD = standard deviation; PB = patients before HA use;
CG = control group.
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the nontested ear was not masked or plugged. Therefore,
especially in case of mild HL, we might have observed an
additive effect between the HA ear and the non-HA ear,
and the observed audiometric changes may have been biased
by the protocol we used. The same story was presented in
both fMRI sessions (before and after HA use), and therefore,
our fMRI results are susceptible to habituation. We used a
fixed-effects model in the fMRI analysis, which limits our

conclusions to the population studied. We did not retest
the control group after one year.

To our knowledge, this is the first study which is aimed
at investigating audiometric and neuroimaging changes
induced by HA use in patients with long-lasting auditory
deprivation. Audiometric observations were complemented
by neuroimaging investigation, both functional and anatom-
ical cortical thicknesses, to assist in understanding the

Table 7: Regions of increased cortical thickness in the patients after HA use (PA) when compared to patients before HA use (PB). Mean
cortical thickness is expressed in mm. The numbers in parentheses correspond to standard deviations. Statistical significance was based at
p < 0 01.

Brain region Hem Nvox
Talairach
coordinates BA

PB PA
p value

x y z Mean (SD) Mean (SD)

Inferior parietal gyrus/superior temporal gyrus/posterior insula R 36 44.7 −44.5 18.8 13 2.57 (0.28) 2.97 (0.29) 0.010

Angular gyrus L 31 −38.6 −58.9 29.9 39 2.73 (0.37) 3.06 (0.29) 0.003

Hem= hemisphere; L = left; R = right; BA = Brodmann area; Nvox = number of voxels in the cluster; SD = standard deviation; PB = patients before HA use;
PA = patients after HA use.
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Figure 7: Cortical thickness changes of the patients before HA use (PB) when compared to patients after HA use (PA). Color code indicates
p values. Warm colors (red-yellowish) show regions where cortical thickness was greater in PB than PA, and cool colors (blue-greenish)
show the opposite contrast (PA>PB).

Table 6: Regions of reduced cortical thickness in patients at baseline (PB) when compared to controls (CG). Mean cortical thickness is
expressed in mm. The numbers in parentheses correspond to standard deviations. Statistical significance was set at p < 0 01.

Brain region Hem. Nvox
Talairach coordinates

BA
PB CG

p value
x y z Mean (SD) Mean (SD)

Insula R 144 44.5 −35.3 19.9 13 2.54 (0.22) 2.87 (0.21) 0.003

Insula L 166 −34.5 −14.9 13.5 13 2.93 (0.24) 3.35 (0.35) 0.005

Supramarginal gyrus R 64 52.6 −39.3 30.6 40 2.66 (0.27) 3.09 (0.37) 0.007

Supramarginal gyrus L 100 −55.8 −29.1 21.9 40 2.76 (0.34) 3.13 (0.29) 0.010

Superior temporal gyrus L 55 −42.6 −28.7 5.0 41 2.71 (0.40) 3.34 (0.61) 0.010

Middle temporal gyrus L 116 −58.4 −38.2 −9.3 21 2.92 (0.47) 3.61 (0.33) 0.001

Parahippocampal gyrus R 336 23.8 −24.1 −19.0 35 3.06 (0.20) 3.43 (0.30) 0.004

Lateral occipital gyrus R 462 21.5 −89.6 −2.2 17 2.13 (0.29) 2.55 (0.30) 0.004

Lingual gyrus R 45 8.7 −69.9 3.9 18 2.15 (0.29) 2.55 (0.39) 0.010

Middle occipital gyrus L 71 −23.1 −82.8 −6.5 18 2.19 (0.32) 2.69 (0.37) 0.004

Posterior cingulate R 99 8.4 −34.9 33.0 31 3.00 (0.42) 3.67 (0.55) 0.006

Claustrum R 187 35.5 −4.0 −4.6 — 3.40 (0.53) 4.16 (0.40) 0.001

Hem= hemisphere; L = left; R = right; BA = Brodmann area; Nvox = number of voxels in the cluster; SD = standard deviation; PB = patients before HA use;
CG = control group.
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neurophysiological mechanisms behind hearing rehabilita-
tion. Furthermore, the correlation found between individual
fMRI and SRT further paves the perspective for the use of
functional neuroimaging as a clinical tool in audiology.
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The use of transcranial electrical stimulation (TES) as a method to augment neural activity has increased in popularity in the last
decade and a half. The specific application of TES to the left prefrontal cortex has been shown to produce broad cognitive effects;
however, the neural mechanisms underlying these effects remain unknown. In this work, we evaluated the effect of repetitive TES
on cerebral perfusion. Stimulation was applied to the left prefrontal cortex on three consecutive days, and resting cerebral perfusion
was quantified before and after stimulation using arterial spin labeling. Perfusion was found to decrease significantly more in a
matched sham stimulation group than in a group receiving active stimulation across many areas of the brain. These changes
were found to originate in the locus coeruleus and were broadly distributed in the neocortex. The changes in the neocortex may
be a direct result of the stimulation or an indirect result via the changes in the noradrenergic system produced from the altered
activity of the locus coeruleus. These findings indicate that anodal left prefrontal stimulation alters the activity of the locus
coeruleus, and this altered activity may excite the noradrenergic system producing the broad behavioral effects that have
been reported.

1. Introduction (AM)

Transcranial electrical stimulation (TES) has experienced
increased interest over the last 15 years [1]. The application
of TES using a weak, constant current delivered to the scalp
is referred to as transcranial direct current stimulation
(tDCS) [2]. This method has been presented by many groups
as a feasible process for stimulation of the brain to augment
neural activity [3–7]. The specific application of tDCS with
the anode placed over the left prefrontal cortex has been
routinely applied in the literature with demonstrable
behavioral effects in combating performance decrements
associated with vigilance [8], decreasing the effect of fatigue
on cognitive performance [9, 10], accelerating learning

processes [2, 3, 11, 12], enhancing multitasking performance
[13], and improving procedural memory [14].

Clark et al. [11] implemented 2mA anodal left prefrontal
tDCS while performing a task involving the identification of
threat-related objects in a naturalistic environment. Using
dynamic Bayesian network analysis, they indicated that the
right frontal and parietal cortices were involved in the
learning processes of their identification task. Furthermore,
they reported that the group receiving full-current (2mA)
tDCS performed significantly better than the one that
received low-current (0.1mA) stimulation. McKinley et al.
[12] provided support for the findings of Clark and col-
leagues using a realistic visual search task implanted with
synthetic aperture radar images. They stated that participants
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who received anodal left prefrontal tDCS attained enhanced
visual search accuracies compared to those supplied with
sham or no stimulation. Effects of anodal left prefrontal tDCS
have also been observed in decreasing the effects of fatigue
on cognitive performance. Using a cohort of 30 partici-
pants (10 placebo gum, 10 caffeine gum with sham tDCS,
and 10 2mA anodal left prefrontal tDCS with placebo
gum), McIntire et al. [9] performed psychomotor vigilance
tasks, delayed matching-to-sample working memory tasks,
and the Mackworth clock test throughout 30 hours of con-
tinuous wakefulness. They reported improved latencies in
working memory tasks and faster reaction times in psycho-
motor tasks in the groups receiving active tDCS and caffeine
gum compared to placebo throughout the sleep deprivation
period. Altogether, these findings provide evidence for the
central role of the prefrontal cortex in vigilance, accelerated
learning, fatigue, and multitasking performance but indicate
that tDCS may be utilized to maintain performance levels
in environments requiring little to no rest or settings required
sustained attentional focus.

Despite the broad applications of tDCS and those
specific to anodal left prefrontal stimulation, the neural
mechanisms underlying tDCS are not well understood. It
has been suggested that anodal tDCS increases excitability
in the neocortex [6] by altering neuronal membrane poten-
tials [15]. This theory is supported by findings of enhanced
glutamatergic activity following the application of anodal
tDCS [2]. Neuroplasticity, the ability of the brain to form
and restructure synaptic connections [16], is thought to
coincide with increased glutamatergic activity [2] as evi-
denced in the lasting behavioral effects from tDCS (e.g.,
[9, 10]) and the acceleration of learning processes [3, 11, 12].
However, recent evidence suggests that the neuroplastic
effects of tDCS have some dependence on synaptic activity
during stimulation [7].

A growing method for studying neural processes is
through the measurement of cerebral perfusion. The in vivo
quantification of cerebral perfusion (referred to as cerebral
blood flow (CBF) mL/100mg/min) can be performed nonin-
vasively using magnetic resonance imaging (MRI) through
an arterial spin labeling (ASL) pulse sequence [17, 18]. ASL
is a clinical method that has been used to identify early
pathophysiological changes in Alzheimer’s disease and other
disorders such as dementia [18, 19]. In comparison to signals
based on blood oxygen, CBF has better reliability and
intersubject variability [20]. Furthermore, CBF is directly
responsible for the delivery of glucose and oxygen. Both oxy-
gen and glucose are necessary to maintain adenosine triphos-
phate (ATP) production and need to be replenished to
support continued neural activity. Although CBF is not a
direct measure of neural activity, it is a tightly coupled corre-
late: CBF changes with neural activity such as that which
occurs during task activation or with changing metabolism
[21]. Evidence published just this year indicates that this
coupling is electrical: extracellular K+ activates capillary
endothelial cells which then signal upstream arteriolar dila-
tion [22]. The extracellular concentration of K+ increases
during neural activity, thereby signaling enhanced vasodila-
tion and increased blood flow to the supporting capillary bed.

The study of resting CBF in anodal left prefrontal tDCS
may provide critical insights as increased glutamatergic
activity associated with anodal tDCS would manifest as
enhanced cerebral perfusion. Few previous studies have
utilized ASL to assess the neural effects of tDCS. In some
studies, anodal tDCS led increased regional CBF in the brain
tissue underneath the stimulation site, with reliable and
reproducible results within and between subjects. Further-
more, transfer effects were observed in brain regions func-
tionally connected to the stimulation site [7]. Importantly,
immediate and lasting changes in CBF have been associated
with anodal left prefrontal tDCS [23]. The goal of this study
is to enhance our understanding of the underlying neural
mechanisms associated with repetitive anodal tDCS to the
left prefrontal cortex through the study of resting cerebral
perfusion. The study consisted of anodal left prefrontal tDCS
applied on three consecutive days with the same procedures
performed on each day to assess the additive effects of tDCS.
In this work, we present preliminary findings of a larger,
ongoing study.

2. Materials and Methods

2.1. Participants. A total of 28 healthy, active duty, Air Force
military members recruited from Wright-Patterson Air
Force Base volunteered to participate in this study. Partici-
pants were excluded from participation if they had any
neurological or psychological diagnoses; vision, hearing, or
motor control impairments; or recent trauma or hospitaliza-
tion. Participants were also excluded if they currently took
any medication which may affect cognitive function or if they
were dependent on alcohol, caffeine, or nicotine. Written
informed consent was obtained from each participant prior
to any experimental procedures which were approved by
the Air Force Research Laboratory Institutional Review
Board at Wright-Patterson Air Force Base under Protocol
number FWR20130126H. Participants eligible for compen-
sation (i.e., if participation occurred in an off-duty status)
received equal remuneration. Of the 28 participants
recruited, eight were excluded due to medical disqualifica-
tion (n = 2), incomplete data or corrupted data (n = 2), or
failure to complete all three sessions in three consecutive
days (n = 4).

Participants were randomly assigned to one of two
groups. Both groups received the same instructions and per-
formed the same tasks with the exception of the stimulation
that was received. In the experimental group (ACT, n = 11,
mean age= 24.5± 2.6), 2mA stimulation was provided for
30 minutes while in the control group (CON, n = 9, mean
age =25.9± 3.2) sham stimulation consisting of 2mA stimu-
lation for 30 s. Participants in each group were blinded to the
validity of the simulation (i.e., not aware of the stimulation
condition) and naïve to TES (i.e., first time receiving TES).

All participants completed three experimental sessions
on three consecutive days. Each session was separated by 24
hours. The sessions were conducted in the evening so as to
not conflict with the working day but also due to the MRI
availability. Participants completed the experimental sessions
in groups of two with staggered start times (see Table 1). Start
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times were held consistent across the three sessions and were
counterbalanced across groups.

2.2. Transcranial DC Stimulation. On each of the three
sessions, anodal stimulation was applied to the left prefrontal
cortex (approximately F3) with the cathode placed on the
contralateral bicep. During stimulation, participants com-
pleted a 30min laboratory vigilance task [24]. The electric
stimulation (MagStim DC Stimulator, Magstim Company
Limited, Whitland, UK) delivered a constant 2mA through
a ring of five customNa/NaCl electrodes. The electrodes were
arranged in a 1.6 cm radius circle and separated by 0.1 cm
(outer edge to outer edge). The same ring configuration was
used at the cathode location. The 2mA stimulation was
distributed evenly among the five electrodes. The stimulator
is battery-powered and utilizes multistage current monitor-
ing to ensure constant current levels are delivered to the
anode. Each electrode was placed in a small “cup” and
secured to the participant using medical bandages. The elec-
trode cups were filled with highly conductive gel (SignaGel,
Parker Laboratories, Fairfield, NJ) to ensure current transfer
to the scalp.

2.3. MRI Acquisition. At each session, MRI data was acquired
prior to and approximately 0.5 hours following the applica-
tion of tDCS. The MRI acquisition consisted of the following
sequences: a 12min resting-state functional MRI (fMRI),
three 10min task fMRIs, T1-weighted MRI, diffusion tensor
imaging (DTI), magnetic resonance spectroscopy (MRS),
and resting ASL. As this work is part of a larger, ongoing
study, we will only be presenting the resting ASL data in this
work. However, it is important to discuss the three task
fMRIs where participants completed a dual (verbal and
spatial) n-back task. This task was conducted in a boxcar
design with 48 s control and task blocks, each with 16–3 s
trials. During each trial, a letter was displayed on a 3× 3 grid
for 500ms. Participants were asked to provide one response if
the current letter was the same as the nth previous letter that
was presented and another response if the current letter was
in the same position on a 3× 3 grid as the nth previous letter.
For control blocks, the letter was replaced with a dot and
participants were instructed to provide one response if the
dot was on the right side of the grid and another for the left.
For the first run, n was set to 2. n for the second run was
determined from the performance of the first run (if per-
formance was 90 or above, n incremented; if less than
70, n decremented; otherwise, n remained the same) and
the third run from the second.

Structural (T1-weighted) images were acquired using a
3D brain volume imaging (BRAVO) pulse sequence which

uses an inversion recovery prepared fast spoiled gradient
echo (FSPGR). The structural images were acquired using
a 256× 256 element matrix, 172 slices oriented to the ante-
rior commissure- (AC-) posterior commissure (PC) plane,
1mm3 isotropic voxels, 0.8 phase field of view factor,
inversion time (TI) = 450ms, TE=3.224ms, a flip angle
of 13°, and an autocalibrated reconstruction for Cartesian
sampling with a phase acceleration factor of 1.0 for the
first session and 2.0 for all remaining sessions. All MRI
procedures were conducted on a 3 Tesla (T) MRI (Discovery
750w, GE Healthcare, Madison, WI) using a 24-channel
head coil.

Images of cerebral perfusion were acquired approxi-
mately 20 minutes prior to the application of tDCS and
approximately 1.5 hours after the conclusion of stimulation
using a pseudocontinuous arterial spin labeling (pcASL)
technique [25] with inversion (tagging) pulses administered
immediately inferior to the imaging volume. All images were
acquired true axial (oriented perpendicular to the scanner
bore) using a postlabel delay time (PLD) of 2025ms. Five
background suppression pulses were applied to reduce the
signal of stationary tissues [26–28] and improve signal-to-
noise ratio (SNR) of arterial blood. A 3D fast spin echo (3D
FSE) sequence was used for acquisition of the imaging
volume. To reduce motion sensitivity, improve acquisition
time, and minimize susceptibility artifacts, a stack-of-spirals
readout gradient starting at the center of the k-space was
used [29]. A total of 8 spiral arms were used for k-space
sampling. Echoes were rebinned to Cartesian space in a
128× 128 matrix, with TR=4640ms, TE=10.7ms, voxel
size = 1.875× 1.875mm, slice thickness = 4mm, and flip
angle = 111°. The sequence acquired a total of 3 tag/control
pairs. The total acquisition time was 4min 46 s. During the
scan, participants were instructed to remain awake and focus
on a fixation dot presented on the display. This condition has
demonstrated significantly greater reliability in resting-state
functional MRI across all within-network connections, as
well as within default-mode, attention, and auditory net-
works when compared to eyes open (no specified fixation)
and closed methods [30].

2.4. Data Processing and Analysis. Cerebral perfusion was
quantified from ASL. CBF maps were computed from
the automated functions in the GE reconstruction soft-
ware. First, the 3 tagged and 3 control volumes were
averaged in place (without motion correction). Then, dif-
ference images were calculated for all participants by sub-
tracting the average tagged volume from the average
control volume. Finally, quantitative CBF maps were gen-
erated from the difference images, the associated proton

Table 1: Starting times for the experimental procedures. Participants completed the three sessions in groups of two with staggered start times.

Procedure
Participant 1 Participant 2

Local start time ASL scan time Local end time Local start time ASL scan time Local end time

Prestimulation MRI 5:00 pm 6:10 pm 6:15 pm 6:15 pm 7:25 pm 7:30 pm

Transcranial DC stimulation 6:30 pm n/a 7:00 pm 7:55 pm n/a 8:25 pm

Poststimulation MRI 7:30 pm 8:40 pm 8:45 pm 8:45 pm 9:55 pm 10:00 pm
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density- (PD-) weighted volumes, and a standard single
compartment model [31–33].

The CBF maps from each day and session were exported
from the MRI scanner and processed using the FMRIB Soft-
ware Library (FSL) [34, 35] on a 74-core Rocks Cluster Dis-
tribution (http://www.rocksclusters.org) high-performance

computing system capable of running 120 threads in parallel
(see Figure 1, e.g., CBF maps). First, the PD-weighted images
acquired were registered to the individual’s high-resolution
structural image by estimating motion from a boundary-
based registration method which includes a fieldmap-based
distortion correction [36]. Then, the individual’s high-

L

(a)

L

(b)

L

(c)

L

(d)

Figure 1: Raw CBF maps for (a) day 1 prestimulation and (b) day 3 poststimulation from a single CON participant and (c) day 1
prestimulation and (d) day 3 poststimulation from a single ACT participant.
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resolution structural image was registered to the MNI-152
T1-weighted 2mm template provided in FSL [37, 38] using
a 12-parameter model [39, 40]. In order to coregister all
volumes, the CBF maps were converted to standard space
using the transforms responsible for morphing the PD-
weighted image of each data set to the structural image and
the structural image to the template.

Next, group nonparametric statistical analyses were
performed on the session 1 prestimulation and session 3
poststimulation coregistered CBF maps in a voxelwise fash-
ion. Due to our mixed-model design and how the data would
need to be permuted, an analysis of variance (ANOVA) was
not possible using this approach. Instead, two separate anal-
yses were performed. In the first, analyses were conducted
separately for each group to evaluate the effect of the session.
This analysis determined the statistical significance of differ-
ences in CBF (evaluated as increased perfusion from session
1 prestimulation to session 3 poststimulation) using permu-
tation testing implemented in FSL’s randomise [41, 42]. Null
t distributions for contrasts representative of the main effect
of the session were derived by performing 500,000 random
permutations of the data [43]. A final t statistic was com-
puted for each voxel by determining the probability of
exceeding the t statistic from the known arrangement. Fol-
lowing this analysis, we implemented a clustering method
to account for false positives due to the multiple comparisons
[44]. This method considered adjacent voxels with a t sta-
tistic of 1.96 or greater to be a cluster. The significance of
each cluster was estimated and compared to a threshold of
p < 0 05 using Gaussian random field theory. The signifi-
cance of voxels that either did not pass the significance level
threshold or do not belong to a cluster was set to zero.

The second analysis assessed the interaction of the group
and session using a single unpaired approach. Prior to this
analysis, changes in CBF between the session 1 prestimula-
tion and session 3 poststimulation coregistered CBF maps
were calculated at the individual level. Then, the statistical
significance of the variation in CBF between sessions and
groups was determined using permutation testing imple-
mented in FSL’s randomise. Null t distributions for contrasts
representative of the interaction of the session and group
were derived by performing 500,000 random permutations.
The clustering method outlined above was implemented to
account for false positives due to multiple comparisons.

3. Results and Discussion

Paired permutation testing revealed a few small clusters with
significant increases in resting CBF resulting from repetitive
2mA stimulation of the left prefrontal cortex (Table 2,
Figure 2). Localized increases in CBF were observed in sev-
eral regions of the brainstem and cerebellum including the
substantia nigra (SN). Cortically, bilateral changes in CBF
were observed in the middle frontal, superior frontal, and
inferior frontal gyri. Lateralized cortical changes were
observed in the right rectal gyrus and precuneus and in the
left supramarginal gyrus, paracentral lobule, parahippocam-
pal gyrus, thalamus, caudate, and posterior cingulate cortex

(PCC). However, the majority of the cortical effects appeared
in white matter.

In contrast to the ACT group, paired permutation testing
performed on the group receiving repetitive sham stimula-
tion identified significant decreases in resting CBF (Table 3,
Figure 3). This included a large cluster encompassing mul-
tiple subcortical brain regions. This also comprised of a
bilateral decrease in the superior frontal gyrus. Further-
more, lateralized cortical decreases were observed in the
right middle frontal gyrus, inferior frontal gyrus, precentral
gyrus, superior temporal gyrus, thalamus, and putamen and
in the left cuneus, precuneus, cingulate gyrus, fusiform gyrus,
middle temporal gyrus, and medial frontal gyrus.

The unpaired permutation testing analyzed the difference
in resting CBF from session 1 prestimulation to session 3
poststimulation between the ACT and CON groups. This
analysis revealed an overall significantly larger decrease in
resting CBF for the CON group (Tables 4 and 5). This
included a large cluster encompassing multiple subcortical
and cortical brain regions. This cluster is identified as the
fusiform gyrus in Table 4 but also included projections
beginning in the locus coeruleus (LC) and projecting through
the SN and PCC. This also comprised of localized clusters
across several cortical regions. CBF in the bilateral superior
frontal gyrus was found to increase in the ACT group but
decrease in the CON group. This effect also appeared in
right-lateralized regions: inferior frontal and middle frontal
gyri. Left-lateralized clusters in the medial frontal gyrus and
fusiform and right-lateralized clusters in the precentral gyrus,
thalamus, and putamen showed a significant decrease in
perfusion in the CON group, but no significant changes were
observed in the ACT group. The opposite was observed for
the left inferior parietal lobule.

Table 2: The largest 15 clusters identified with an average
increase in perfusion between prestimulation at session 1 and
poststimulation at session 3 (ΔCBF) for the ACT group.

Volume (mm3)
Max

t-statistic
Max ΔCBF

(mL/100mg/min)

Max ΔCBF
location (mm)
X Y Z

8000 7.23 13.45 −4 16 64

3824 5.28 15.00 16 −52 34

3320 3.76 10.27 −36 −60 52

3136 4.61 15.73 50 14 28

2832 4.66 8.64 −8 −12 10

2632 5.39 9.09 6 −12 12

2312 4.21 9.45 29 −40 38

2280 3.68 17.82 0 −28 44

1984 4.87 11.73 42 12 34

1800 5.00 13.09 −34 −26 −22
1528 6.58 10.09 40 32 4

1048 3.57 12.00 40 −72 −52
1032 3.79 9.18 −22 −36 10

864 6.59 13.73 0 −44 28

768 3.07 14.00 −6 −48 −52
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Systematic group variations in thickness or atrophy
in gray matter and/or different gyrification patterns are
plausible and may have resulted in some or all of the effects
observed. To evaluate the possibility of anatomical variations
between groups, we performed voxel-based morphometry
(VBM) to investigate voxelwise differences in local gray
matter volume and/or topography. This analysis utilized
brain-extracted structural images to first produce a template.
In order to not bias the template towards one group, 2
random subjects from the ACT group were not included in
this step to ensure an equal number of samples represent
each group. The brain-extracted images were segmented

automatically into gray matter, affine-registered to the gray
matter International Consortium for Brain Mapping (ICBM)
152 template [38], concatenated, and averaged. The average
image was flipped along the x-axis, and the mirror images
were reaveraged. The gray matter images were reregistered
to the average template using nonlinear registration,
concatenated, averaged, and flipped along the x-axis. A final
symmetric gray matter template was created by averaging the
mirror images from the nonlinear registration. Next, gray
matter templates for all subjects were created and nonlinearly
registered to the custom gray matter template. A compensa-
tion for gray matter variations due to the nonlinear transfor-
mation was introduced using the Jacobian of the warp field
[45]. All the registered gray matter volumes were spatially
smoothed using a Gaussian kernel (sigma=4mm). Finally,
an unpaired t-test was performed to compare the gray matter
volumes across groups using a permutation (number of
permutations = 500,000) approach performed in FSL rando-
mise. A threshold-free cluster enhancement method was
utilized to correct for multiple comparisons. No significant
findings were observed in this analysis indicating neither
the thickness or atrophy in gray matter nor different gyrifica-
tion patterns existed between groups. Furthermore, this
suggests that these anatomical variations could not have
caused the observed variations in perfusion.

The unpaired permutation analysis represents the inter-
action between the session and group and, thus, reveals the
effects on cerebral perfusion attributable to the application
of anodal left prefrontal tDCS. Cerebral perfusion measured
from ASL is a correlate of metabolic processes [21]. In gen-
eral, small, focal increases in perfusion were found in the
group receiving 2mA anodal left prefrontal tDCS across 3
consecutive days while a widespread decrease was observed
in the group receiving sham stimulation. This implies metab-
olism was consistent in recurrent tDCS, and decreased
metabolism is associated with sham stimulation.

Our study population was limited to active duty military
members, and the study was executed in the evening after
typical work days, although we did not measure or control
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Figure 2: Session effect revealed from permutation testing for the ACT group. (a) Statistically significant (t-statistic) regions with altered CBF
from baseline to session 3 poststimulation and (b) corresponding increases in quantified perfusion (mL/100mg/min). Axial images taken at
MNI coordinates x = −18, −12, −14, −16, 12, and 18mm.

Table 3: The largest 15 clusters identified with an average
decrease in perfusion between prestimulation at session 1 and
poststimulation at session 3 (ΔCBF) for the CON group.

Volume (mm3)
Max

t-statistic
Max ΔCBF

(mL/100mg/min)

Max ΔCBF
location (mm)
X Y Z

204,208 11.3 −23.00 −4 76 64

4016 7.41 −12.78 16 −20 34

3528 4.83 −24.56 −36 −60 52

2912 5.37 −12.67 50 14 28

2560 3.91 −13.11 −8 −12 10

1976 8.95 −13.89 6 −12 12

1344 4.34 −12.22 32 −40 38

1336 5.01 −9.44 0 −28 44

1296 5.84 −9.56 42 12 34

1112 4.75 −15.33 −34 −26 −22
944 5.48 −13.00 40 32 4

840 5.35 −20.44 40 −72 −52
832 4.62 −9.89 −22 −36 10

824 7.72 −22.11 0 −44 28

816 4.38 −9.89 −16 −42 30
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Figure 3: Session effect revealed from permutation testing for the CON group. (a) Statistically significant (t-statistic) regions with altered CBF
from baseline to session 3 poststimulation and (b) corresponding decreases in quantified perfusion (mL/100mg/min). Axial images taken at
MNI coordinates x = −18, −12, −14, −16, 12, and 18mm.

Table 4: Clusters identified with a significantly larger increase in perfusion from prestimulation at session 1 to session 3 poststimulation for
the ACT group than for the CON group.

Hemisphere Lobe Gyrus Volume (mm3) Max t-statistic
Max t-statistic location

(mm)
X Y Z

Left Temporal Fusiform gyrus 15,784 5.14 −44 −56 −12
Right Frontal Inferior frontal gyrus 1445 5.66 60 20 4

Left Parietal Inferior parietal lobule 981 4.09 −32 −28 38

Left Frontal Superior frontal gyrus 715 4.09 −16 50 −20
Right Parietal Inferior parietal lobule 454 4.13 38 12 26

Left Parietal Superior parietal lobule 412 3.96 −44 −58 58

Left Frontal Precentral gyrus 293 4.43 −36 2 24

Right Temporal Fusiform gyrus 252 3.87 50 −32 −28
Right Temporal Middle temporal gyrus 210 3.93 42 0 −26
Right Temporal Inferior temporal gyrus 208 5.34 68 −30 −18
Right Limbic Cingulate 206 4.82 20 −4 42

Right Parietal Postcentral gyrus 177 3.24 62 −12 24

Right Frontal Precentral gyrus 176 3.08 50 2 48

Right Limbic Anterior cingulate cortex 166 3.67 12 22 −12
Left Frontal Medial frontal gyrus 148 3.42 −12 2 60

Left Frontal Superior frontal gyrus 131 3.93 −6 32 62

Right Frontal Superior frontal gyrus 101 3.78 18 70 −6
Right Thalamus 95 3.64 8 −10 18

Right Frontal Middle frontal gyrus 87 3.37 22 20 64

Right Parietal Postcentral gyrus 86 3.54 44 −20 46

Left Limbic Anterior cingulate cortex 82 3.35 −14 30 22

Right Limbic Cingulate 80 3.53 24 −18 44

Left Frontal Medial frontal 80 3.28 −8 30 40

Left Frontal Superior frontal gyrus 77 2.91 −2 68 18

Left Temporal Fusiform gyrus 73 4.27 −46 −12 −28
Left Frontal Precentral gyrus 73 3.35 −38 −6 46

Right Occipital Lingual gyrus 71 3.45 26 −102 −6
Right Putamen 71 3.09 −32 −8 −2
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sleep/wake times. After three consecutive days of study
participation as outlined in Table 1, it is only reasonable that
the participants would be experiencing symptoms of fatigue.
Hypoperfusion measured from ASL has been observed and
detailed in patients with chronic fatigue syndrome [46–48]
and associated with cognitive fatigue in healthy individuals
[49]. Furthermore, hypometabolism has been observed in
patients with chronic fatigue syndrome [50] and multiple
sclerosis with fatigue [51]. The results from our CON group
are consistent with this postulation and these previous find-
ings; however, the findings from our ACT group are not.
We theorize that left prefrontal tDCS provides some neural
mechanism that counteracts this neural effect of fatigue.
Behaviorally, left prefrontal tDCS has been shown to reduce
the cognitive decline associated with fatigue in a similar
group of active duty military members in an extended wake-
fulness study [9]. Anodal tDCS applied to the motor cortex
has also been shown to have behavioral effects from fatigue
in patients with multiple sclerosis [52]. However, there are

no studies to date that have evaluated the neural effects of
tDCS on fatigue.

The altered perfusion observed in this work can be
traced to the LC. The LC is well known as the largest nor-
adrenergic nucleus in the brain. The noradrenergic system
is responsible for the synthesis, storage, and release of nor-
epinephrine. Although the LC is relatively small, it is the
primary source of norepinephrine for the neocortex. Pro-
jections from the LC are diverse, innervating most of the
central nervous system [53]. Norepinephrine is a neuro-
transmitter associated with increased arousal and alertness
[46–48], enhances long-term and working memory pro-
cesses [54], and promotes vigilance and sensory processing
[55]. The evidence presented in this work suggests that
repetitive 2mA tDCS applied to the left prefrontal cortex
sustains the metabolic activity of the LC (Figure 4) which
may result in an increased production of norepinephrine
and a decreased effect of fatigue. In this work, measure-
ments of resting perfusion were collected approximately

Table 5: Average CBF (±SEM) for each session/group from the clusters identified with a significantly larger increase in perfusion from
prestimulation at session 1 to session 3 poststimulation for the ACT group than for the CON group.

Cluster
ACT CON

Day 1 prestimulation
CBF (mg/100mL/min)

Day 3 poststimulation
CBF (mg/100mL/min)

Day 1 prestimulation
CBF (mg/100mL/min)

Day 3 poststimulation
CBF (mg/100mL/min)

L. fusiform gyr. 46.05 ± 1.67 49.12 ± 2.72 54.32 ± 2.95 44.92 ± 3.11

R. inf. front. gyr. 45.66 ± 1.74 51.35 ± 2.66 55.39 ± 2.14 48.77 ± 1.80

L. inf. par. lob. 41.91 ± 2.33 46.66 ± 2.85 53.84 ± 2.97 48.20 ± 2.31

L. sup. front. gyr. 43.85 ± 1.66 49.38 ± 2.28 54.18 ± 3.77 45.59 ± 2.08

R. inf. par. lob. 54.02 ± 2.71 60.72 ± 3.61 62.01 ± 2.61 56.53 ± 2.17

L. sup. par. lob. 46.36 ± 2.06 51.62 ± 2.46 57.50 ± 3.72 51.70 ± 2.37

L. precentral gyr. 47.67 ± 2.56 54.85 ± 3.32 60.10 ± 3.59 53.57 ± 2.24

R. fusiform gyr. 45.13 ± 1.75 49.94 ± 2.78 54.71 ± 2.83 47.77 ± 2.10

R. mid. temp. gyr. 35.97 ± 1.72 38.91 ± 2.66 44.12 ± 3.19 36.85 ± 2.29

R. inf. temp. gyr. 54.20 ± 2.66 60.18 ± 3.50 67.23 ± 3.00 59.48 ± 3.20

R. cingulate 26.44 ± 1.62 29.40 ± 1.67 31.46 ± 1.57 26.75 ± 1.24

R. postcentral gyr. 55.16 ± 2.92 58.52 ± 3.74 66.35 ± 2.57 58.83 ± 3.34

R. precentral gyr. 50.97 ± 2.50 55.60 ± 3.57 59.40 ± 2.75 52.78 ± 2.22

R. ant. cing. cort. 43.86 ± 2.98 47.93 ± 3.31 50.55 ± 1.89 43.44 ± 2.40

L. med. front. gyr. 38.35 ± 2.21 44.37 ± 2.64 50.01 ± 2.87 44.60 ± 1.31

L. sup. front. gyr. 45.39 ± 2.39 51.99 ± 1.73 58.87 ± 3.47 52.62 ± 2.46

R. sup. front. gyr. 55.52 ± 1.68 61.90 ± 3.42 70.82 ± 5.29 59.93 ± 2.77

R. thalamus 37.73 ± 2.26 43.27 ± 2.47 42.38 ± 1.91 39.36 ± 2.03

R. mid. front. gyr. 47.86 ± 3.26 54.08 ± 3.30 60.84 ± 2.89 52.83 ± 2.26

R. postcentral gyr. 44.32 ± 1.83 49.13 ± 2.65 51.83 ± 3.68 45.45 ± 3.21

L. ant. cing. cort. 26.56 ± 1.71 31.58 ± 1.28 38.40 ± 4.57 31.94 ± 1.78

R. cingulate 45.18 ± 3.25 49.41 ± 3.54 54.01 ± 2.76 46.79 ± 1.87

L. med. front. gyr. 21.89 ± 1.24 26.22 ± 1.71 27.54 ± 1.55 24.80 ± 1.47

L. sup. front. gyr. 48.97 ± 1.86 54.11 ± 4.37 60.99 ± 5.80 51.25 ± 3.37

L. fusiform gyr. 43.57 ± 2.65 49.91 ± 3.64 58.01 ± 2.42 52.00 ± 2.71

L. precentral gyr. 37.09 ± 1.91 40.43 ± 2.50 47.73 ± 3.50 39.29 ± 2.63

R. lingual gyr. 39.00 ± 1.94 41.87 ± 1.60 46.74 ± 3.45 40.15 ± 2.49

R. putamen 47.96 ± 3.36 48.57 ± 2.53 56.82 ± 4.07 46.27 ± 3.81
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1.5 hrs following the conclusion of stimulation. Therefore,
this effect remains following stimulation; however, it is
not known how long this effect persists. Previous sleep
deprivation studies utilizing anodal left prefrontal tDCS
observed single-session behavioral effects that persisted
for many hours [9, 10]. Effects such as this and the
current findings could be derived from activation of the
noradrenergic system.

Attention involves both top-down and bottom-up modu-
lation. In bottom-up modulation, salient stimuli capture
attention involuntarily while top-down modulation can
direct attention as well as inhibit bottom-up processes. The
ability to voluntarily direct attention (i.e., attentional control)
varies significantly and substantially across individuals [56].
Top-downmodulation of attention involves a variety of brain
regions including the middle frontal gyrus, ACC, and
superior parietal lobule. Each of these regions were found
to have enhanced perfusion following repetitive 2mA anodal
tDCS to the left prefrontal cortex (Figure 5), suggestive of
increased attentional control.

Objects can be classified based upon the observation of
physical properties such as shape, color, and texture. Seman-
tic memory, general knowledge that has accumulated
through life, can aid the classification process. The fusiform
gyrus is theorized to largely contribute to processes involving
semantic memory [57]. The large increase in perfusion in the
occipital cortex, including the fusiform gyrus (Figure 6), is
suggestive of enhanced utilization of semantic processes,
increased semantic memory, and/or a heightened ability to
recognize objects.

4. Conclusions

This study examined the effect of repetitive tDCS on cerebral
perfusion. Anodal left prefrontal tDCS was used to apply
2mA to the scalp for 30 minutes on three consecutive days.
Measures of resting cerebral perfusion were acquired before
and after stimulation on each day using ASL. Widespread
increases in perfusion, indicative of increased metabolism,
were observed; however, general decreases were observed in
a matched group receiving sham tDCS. Furthermore,

perfusion increased significantly more in the active stimula-
tion group across many areas of the brain. These increases
originated in the LC and spread extensively to regions in
the neocortex supporting functions such as object recogni-
tion and top-down attentional modulation. The changes in
the neocortex may be a direct result of the stimulation or
an indirect result via the changes in the noradrenergic system
produced from the altered LC activity. These findings help
understand the broad behavioral effects that have been
demonstrated using anodal left prefrontal tDCS. Future work
is necessary to identify if the observed changes in perfusion
correlate with altered metabolism but should also address
the transiency of these effects.

4.00

1.96R L

Figure 4: Session/group interaction effects (t-statistic) in the locus coeruleus revealed from permutation testing. The ACT group had
significantly larger perfusion increases in the locus coeruleus from baseline to session 3 poststimulation compared to the CON
group. The axial (left), sagittal (middle), and coronal (right) images were taken from MNI coordinates z = −40 mm, y = −36 mm,
and x = 0 mm, respectively.

4.00
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Figure 5: Session/group interaction effects (t-statistic) in the top-
down attentional control network revealed from permutation
testing. The ACT group had significantly larger perfusion
increases in the right middle frontal gyrus, bilateral ACC, and left
superior lobule from baseline to session 3 poststimulation
compared to the CON group. The axial (left) images were taken
from MNI coordinates z = −14 (top) and 56 (bottom) mm, sagittal
(middle) images were taken from y = −58 (top) and 22 (bottom)
mm, and coronal (right) images were taken from x = 35 (top),
47 (center), and 61 (bottom) mm.
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Green tea from Camellia sinensis plays a well-established neuroprotective role in several neurodegenerative diseases, including
intracerebral hemorrhage (ICH). However, the other teas of the same plant do not have their properties well understood; but
they can be as effective as green tea as an alternative therapy. In this study, we investigated the effects of supplementation
with green tea and red tea from Camellia sinensis on motor deficits and striatum oxidative damage in rats submitted to
hemorrhagic stroke (ICH). Male Wistar rats were supplemented with green tea, red tea, or vehicle for 10 days prior to ICH
induction. After injury, the rats were submitted to motor tests (open field for locomotion, rotarod for balance, and
neurological deficit scale (NDS)) 1, 3, and 7 days after ICH induction, while the tea supplementation was maintained.
Subsequently, the rats were euthanized to striatal tissue dissection for biochemical analyzes (lipid peroxidation, reactive
oxygen species, glutathione levels, and total antioxidant capacity). ICH caused locomotor and balance deficits, as well as
increased the neurological deficit (NDS). Only red tea prevented locomotor deficits after injury. Green tea and red tea
prevented balance deficits on the seventh day after ICH. On NDS evaluation, green tea presented a better neuroprotection
than red tea (until day 3 after ICH injury). In addition, ICH increased reactive oxygen species and lipid peroxidation levels,
without altering antioxidant markers. Green and red teas were effective in decreasing the lipid peroxidation levels. Therefore,
green and red teas partially prevented the motor deficits and striatal oxidative damage induced by ICH. Based on our results,
we can consider that the two teas seem to be equally effective to prevent motor deficits and striatal oxidative damage
induced by hemorrhagic stroke in rats.

1. Introduction

Intracerebral hemorrhage (ICH) is a common type of stroke
associated with a considerable socioeconomic impact, dis-
ability, and mortality [1] and represents 15 to 20% of all
stroke cases [2].

Some regions of the brain are more susceptible to stroke
damage, including striatum, which is one of the most impor-
tant regions for voluntary motor control [3]. After ICH, the
hematoma components initiate an inflammatory signaling
through the activation of microglia, which culminates on

secondary damage [4, 5]. Progressive deterioration of brain
tissues is classified as ICH secondary damage and plays an
important role in neurological impairment [4]. These molec-
ular events that occur during ICH increase the production of
hydroxyl radicals and oxidation of lipids [6], which expose
the brain to higher levels of reactive oxygen species (ROS).
There is increasing evidence that oxidative stress contributes
to ICH-induced secondary brain injury through the gen-
eration of ROS [7]. The biochemical events involved in
secondary damage are not well described but represent
an important therapeutic target after ICH [7].
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Despite the breakthrough in research, ICH treatments
deserve great attention and further investigation. So, to seek
adjuvant therapies that may prevent the progression of ICH
secondary damage is important [8]. In this sense, interven-
tions with potential antioxidants are being studied for treat-
ment of damage caused by redox imbalance in brain tissues
[9]. Antioxidants from natural products can slow or reverse
the damage caused by excessive ROS production, as demon-
strated in other models of neurodegenerative diseases related
to oxidative damage [10, 11]. Several studies have shown the
efficacy of the treatment with teas from Camellia sinensis as
an antioxidant strategy [11, 12].

Green tea derived from Camellia sinensis contains a high
content of flavonoids: epigallocatechin-3-gallate (EGCG),
which accounts for approximately 59% of its total catechin
content, epigallocatechin, epicatechin, and others [13]. Sev-
eral studies have shown the antioxidant effects attributed to
EGCG [14]. However, there are important variations in the
herb’s processing, and it can lead to changes in the content
of flavonoids [15]. So, the different concentrations of cate-
chins in the various types of tea derived from Camellia sinen-
sismay be responsible for different neuroprotective effects of
each one of them.

Recent studies comparing the therapeutic potential of
the different teas of Camellia sinensis to protect from
memory deficits in ischemia reperfusion (IR) [11] and in
an Alzheimer disease model [16] have shown that, in
addition to green tea, red tea also exerts an effective neu-
roprotection in these models. Other study performed by
our team has already demonstrated the neuroprotective
effect of green tea in ICH models [12]; however, compar-
ative effects between the two teas were not analyzed in this
model. Considering that both teas are very popular and
accessible, studies comparing the neuroprotective effects
of them are important. Here, we determine the neuropro-
tective potential of green tea and red tea from Camellia
sinensis in the prevention of possible motor deficits and

striatal oxidative damage in a model of intracerebral
hemorrhage in adult rats.

2. Material and Methods

2.1. Animals and Experimental Design. Forty male Wistar
rats (250–350 g) were obtained from the Central Vivarium
of the Federal University of Santa Maria (UFSM-Santa
Maria, RS, Brazil). The rats were housed 4 per cage and kept
in a temperature-controlled room (24°C± 1), with light/dark
cycle of 12 h and food and water ad libitum. All the
experiments were performed in accordance with the stan-
dards of the “Principles of laboratory animal care” (NIH
publication No. 85-23, revised 1996) and were previously
approved by the Institutional Animal Care and Use Com-
mittee (protocol #002/2017).

The rats were randomly divided into four groups: sham;
intracerebral hemorrhage (ICH); intracerebral hemorrhage
+ green tea (ICH+GT); and intracerebral hemorrhage + red
tea (ICH+RT). Rats received specific tea or vehicle for ten
days prior to ICH surgery [12]. After, the animals were sub-
mitted to the training in neuromotor tests (open field,
rotarod, and neuromotor deficit scale) and, in the following
day, to the ICH or sham surgery. On days 1, 3, and 7 after
surgery, the animals were tested in the neuromotor tests
and after were euthanized to striatum dissection and prepa-
ration for biochemical essays. During the behavioral test
period, the animals continued to receive tea or vehicle
supplementation (Figure 1).

2.2. ICH Surgery. Surgical procedures were performed asepti-
cally. The rats were anesthetized with ketamine and xylazine
(i.p., 75 and 10mgkg, resp.). Body temperature was main-
tained at 37°C during surgery using a surgical warming table.
After placing the animals on the stereotactic table, a 3.5mm
hole was made to the right and 0.5mm anterior to bregma.
A 26-gauge needle (Hamilton, Hamilton, NV, USA syringe)

(once a day)

Day −10 Day −1

OF, RR, and
NDS

training

ICH or sham
surgery

Day 0

OF, RR, and
NDS
tests

Day 1

OF, RR, and
NDS
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Day 3

OF, RR, and
NDS
tests

Day 7
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Day 8
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biochemical
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before
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Figure 1: Experimental design. All rats were supplemented with green tea (GT), red tea (RT), or vehicle for 10 days prior to intracerebral
hemorrhage (ICH). Twenty-four hours after, the rats were submitted to training in neuromotor tests (open field: OF; rotarod: RR;
neurological deficit scale: NDS). In the following day (day 0), the rats were submitted to ICH or sham surgery following by 24 hours of
recovery. On days 1, 3, and 7 after surgery, the rats were submitted to neuromotor tests. During all behavioral testing days, the rats
continued to receive supplementation with tea or vehicle. On the eighth day, the rats were euthanized and the striatum were isolated to
biochemical testing.
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was inserted unilaterally into 6.5mm in the right striatum to
infuse 1μl of sterile saline containing 0.2U of bacterial colla-
genase (type IV). The needle was left in place for 5min and
then slowly withdrawn. The hole was sealed with a metal
screw, suture threads were used to close the wound, and
lidocaine was used at the suture site [17]. The same
procedure was performed with the sham animals, except
that the infusion did not contain collagenase, only saline.

2.3. Tea Supplementation. The two types of Camellia sinensis
teas (green and red) were purchased directly from the same
company (Madrugada Alimentos Ltda., Venâncio Aires, RS,
Brazil), and prepared daily in the same way.

The teas were prepared with distilled water (95°C± 5°C)
and then the infusion was maintained rested and muffled
for approximately 3 minutes, and after was filtered. Teas
were administered via gavage (400mg/ml/day), at room
temperature [9].

Tea samples used in this study were analyzed by high-
performance liquid chromatography (HPLC) to analyze
the presence of epicatechin (EC), epigallocatechin (EGC),
epigalocatechin gallate (EGCG), and epicatechin gallate
(ECG) [18] (Table 1).

2.4. Behavioral Testing. To verify possible changes and/or
deficits in motor function, the rats were trained in OF, RR,
and NDS tasks 24h prior to ICH or sham surgery. The tests
were performed 24 h, 3 days and 7 days after the surgeries.

2.5. Open Field Test (OF). To evaluate the locomotor activity
and the exploratory behavior of the rats, we used the open
field apparatus. The open field consists in a box (60 cm in
diameter× 45 cm in height) divided into 12 quadrants of
the same surface area. The animals were gently placed in
the open field arena (i.e., in the box), so that they could freely
explore it for 5min. The number of crossed lines (crossings)
was counted [19]. After each rat testing, the arena was
cleaned with 70% ethanol.

2.6. Rotarod Test (RR). In order to evaluate the influence of
ICH in rats’ motor coordination and balance, the RR test
was used. The apparatus consists of a rotating cylinder
(5 cm diameter× 8 cm wide× 20 cm high), with an automatic
fall register. On the training day, the animals were placed in
the static cylinder for 2 minutes for habituation. After the
habituation time, the cylinder rotation was set at 16 rpm for
6 minutes, and the number of falls and latency for the first fall
were recorded. In the test sessions, the animals were sus-
pended for 6 minutes in the cylinder at a speed set in
20 rpm. The number of falls and latency for first fall were
again recorded [20].

2.7. Neurological Deficit Scale (NDS). This test set is sensitive
to striatal/motor damage [21]. The rats were trained in NDS
before surgery, for reference. On test days after surgery, they
were resubmitted to NDS. Briefly, the rats were evaluated for
spontaneous movement, hind limb retraction, bilateral fore-
foot grip, contralateral forearm flexion, and beam trajectory.
A maximum score of 14 indicates greater neurological
impairment [22].

2.8. Biochemical Analyses

2.8.1. Tissue Preparation. Rats were sacrificed 24 hours after
the last test day. Their brains were removed, and the striatum
ipsilateral to the lesion was quickly dissected and homoge-
nized in 50mM Tris HCl, pH7.4 (1/10, w/v). The samples
were centrifuged at 2400g for 10min, and the supernatants
(S1) were used for assay.

2.8.2. Lipid Peroxidation. Lipid peroxidation was assessed by
the substances reactive to thiobarbituric acid (TBARS) test
[23]. S1 aliquot was incubated with a solution of 0.8% thio-
barbituric acid, acetic acid buffer (pH3.2), and sodium
dodecyl sulfate solution (8%) at 95°C for 2 h. The color
reaction was measured at 532 nm. Results were expressed
as nmol of malondialdehyde (MDA) per mg protein.

2.8.3. Reactive Oxygen Species (ROS) Levels. ROS levels were
determined indirectly by fluorimetric method spectrum
using 2′, 7′-dichlorofluorescein diacetate (DCFH-DA). The
samples were incubated in the dark with 5μl of DCFH-DA
(1mM). Oxidation monitoring was made of DCFH-DA to
dichlorofluorescein (DCF) fluorescence by reactive oxygen
species. The fluorescence emission intensity was performed
at 520nm (with excitation at 480nm) for 60 minutes after
the addition of DCFH-DA in spectrofluorimeter (Shimadzu
RF-5301PC Model).

2.8.4. Glutathione (GSH) Levels. GSH levels were fluorome-
trically determined (Hissin and Hilf, 1976). An aliquot of
homogenized sample was mixed (1 : 1) with perchloric acid
(HClO4) and centrifuged at 3000g for 10min. This mixture
was centrifuged, the protein pellet was discarded, and free
thiols (SH) groups were determined in the clear supernatant.
An aliquot of supernatant was incubated with orthophthala-
dehyde and fluorescence was measured at excitation of
350 nm and emission of 420nm. Results were normalized
by mg of protein and expressed as percent of control.

2.8.5. Total Antioxidant Capacity. Total antioxidant capacity
was measure by ferric reducing/antioxidant power assay
(FRAP). Working FRAP reagent was prepared by mixing
25ml acetate buffer, 2.5ml TPTZ solution, and 2.5ml
FeCl3.6H2O solution, and 10μl of homogenate was added
in the 300μl working FRAP reagent in a microplate (Benzie
and Strain, 1996). A standard curve with 10μl trolox
(concentrations of 15, 30, 60, 120, and 240mM) and 300μl
working FRAP reagent was used. The microplate was incu-
bated at 37°C for 15min before reading in SpectraMax M5

Table 1: Concentration of catechins (mg/ml) found in samples of
the two teas from Camellia sinensis.

Catechins Green tea Red tea

(−)-Epigallocatechin 6412.14 ND

(−)-Epicatechin 5736.00 5442.34

(−)-Epigallocatechin gallate 9405.42 ND

(−)-Epicatechin gallate 2609.19 ND

ND: not detected.
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Microplate Reader at 593 nm. Each sample was analyzed
in triplicate.

2.8.6. Protein Determination. Protein content was measured
colorimetrically by the method of Bradford [24] using bovine
serum albumin (1mg·ml−1) as standard.

2.9. Statistical Analysis. Data were checked for normality of
distribution using Shapiro-Wilk test. Results are presented
as mean± standard error of the mean (SEM). Results were
analyzed by one-way ANOVA followed by Tukey’s post
hoc test, when appropriate. Significance level was set at 0.05
for all analyses.

3. Results

3.1. Behavioral Assessment. The locomotor activity was
assessed using the OF test. The locomotor activity was differ-
ent between the groups on days 1 (F(3, 36) = 4.621, P = 0 0078,

Figure 2(a)) and 3 (F(3, 36) = 4.771, P = 0 0067, Figure 2(a)).
However, on day 7 there was no difference between the
groups (F(3, 36) = 1.563, P = 0 215, Figure 2(a)). The post
hoc test showed that the rats in the ICH group had decreased
locomotor activity compared to sham rats on day 1 (P < 0 05,
Figure 2(a)) and day 3 (P < 0 05, Figure 2(a)). On day 7, there
was no difference in locomotor activity between the ICH and
sham rats (P > 0 05). In addition, there are no differences on
crossings between ICH and ICH+green tea groups on days
1 and 3 (P > 0 05, ICH versus ICH+ teas Figure 2(a)).
Importantly, ICH+ red tea presented similar number of
crossing to the control group on both days (D1: P =
0 0078; D3: P = 0 0067), while green tea did not present
the same effect.

In rotarod test, there was a difference between the
groups on days 1 (F(3, 36) = 5.264, P = 0 004, Figure 2(b)), 3
(F(3, 36) = 2.925, P = 0 046, Figure 2(b)), and 7 (F(3, 36) = 6.352,
P = 0 001, Figure 2(b)), considering the latency for the first
fall. The rats in the ICH group presented a deficit in the
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Figure 2: Effects of green and red tea administration on neuromotor function after ICH in rats. (a) Open field test: number of
crossings; (b) rotarod test: latency to the first fall in seconds; (c) rotarod test: total number of falls; (d) neurological deficit scale:
total score. Data are presented as the mean± S.E.M. One-way ANOVA ∗P < 0 05 in comparison to sham group, #P < 0 05 in
comparison to the ICH group (n = 10/group).
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balance (shorter latency to the first fall than control animals)
on days 1, 3, and 7 (P < 0 05, Figure 2(b)). GT and RT supple-
mentation showed a neuroprotective effect on the seventh
day (P < 0 05 for GT; P < 0 01 for RT; Figure 2(b)). In
addition, there were no differences in the balance between
ICH+ ICH tea groups on days 1 and 3 (P > 0 05, ICH
versus ICH+ teas; Figure 2(b)), but ICH+RT presented a
similar latency for the first fall than the control group on
day 1 (P = 0 04, Figure 2(b)).

Considering the number of falls (rotarod test), we
observed difference between the groups on days 1 (F(3, 36) =
5.698, P = 0 0027, Figure 2(c)), 3 (F(3, 36) = 4.832, P = 0 0063,
Figure 2(c)), and 7 (F(3, 36) = 5.921, P = 0 002, Figure 2(c)).
The ICH rats showed a higher number of falls than sham
rats on days 1, 3, and 7 (P < 0 05, Figure 2(c)). The GT
reversed this deficit at days 3 (P < 0 05, Figure 2(c)) and 7
(P < 0 01, Figure 2(c)), as well as RT (D3: P < 0 05;
D7: P < 0 01; Figure 2(c)), but only ICH+ red tea pre-
sented similar number of falls to the control group on
day 1 (P > 0 05, Figure 2(c)).

On neurological deficit (NDS) evaluation, we found
differences between the groups on days 1 (F(3.36) = 20.47,
P < 0 0001, Figure 2(d)), 3 (F(3.36) = 7.704, P = 0 0004,

Figure 2(d)), and 7 (F(3.36) = 4.21, P = 0 013, Figure 2(d)).
ICH rats presented higher NDS score than sham rats on
days 1 (P < 0 0001, Figure 2(d)), 3 (P < 0 001, Figure 2(d)),
and 7 (P < 0 05, Figure 2(d)). The GT and RT were able to
reverse these deficits on day 1 (GT: P < 0 05, RT: P < 0 05,
Figure 2(d)), but, on day 3, only GT reversed the neurological
deficit (P < 0 05, Figure 2(d)).

3.2. Biochemical Assays. Considering that the increase of
oxidative stress is one of the secondary damage characteris-
tics of ICH affected tissues, we evaluated the levels of oxida-
tive species, the oxidative damage, the levels of GSH (an
antioxidant marker), and the total antioxidant capacity in
the striatum of rats.

A significant difference on the striatal level of oxidative
species (DCFH) (F(3, 20) = 6.850, P = 0 0137, Figure 3(a))
was observed. The post hoc showed that ICH rats presented
increased ROS compared to the sham group (P < 0 01).
Neither green tea (P > 0 05) nor red tea (P > 0 05) was able
to reverse striatal oxidative stress.

There was difference between the groups on lipoperoxi-
dation (TBARS) (F(3, 20) = 7.144; P = 0 0019, Figure 3(b)).
ICH rats showed an increase in lipoperoxidation compared
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Figure 3: Effects of administration of green tea and red tea on oxidative stress, oxidative damage, and antioxidant markers on striatum after
ICH in rats. (a) ROS levels by DCFHmethod; (b) lipid peroxidation by TBARS (thiobarbituric acid reactive substance); (c) glutathione levels
(GSH); (d) total antioxidant capacity by FRAP method. Data are presented as the mean± S.E.M. One-way ANOVA ∗P < 0 05 in comparison
to sham group; #P < 0 05 in comparison to ICH group (n = 6/group).
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to sham rats (P < 0 05). Both green tea and red tea avoided
this increase (GT: P < 0 01 versus ICH; RT: P < 0 01 versus
ICH; Figure 3(b)).

Considering the antioxidant measures, we did not find
differences between the groups in the GSH levels (F(3, 20) =
0.4608, P = 0 7127, Figure 3(c)), as in the total antioxidant
capacity (FRAP; F(3, 20) = 0.2767, P = 0 8415, Figure 3(d)).

4. Discussion

In this study, we determined the neuroprotective potential of
green tea and red tea on the motor deficits and striatal
damage caused by hemorrhagic stroke in rats. Our major
findings demonstrate that the two teas studied partially
protect against neuromotor deficits and oxidative damage
caused by ICH, and appear to be promoters of neuroprotec-
tion in this model. The different teas protect against neuro-
logical deficits mainly on the first and third day after the
injury, avoiding locomotor (OF) and balance deficits (RR),
general neuromotor function deficits (NDS), and contribut-
ing to avoid the increase of lipid peroxidation (TBARS).

ICH is associated with motor damage [25, 26] and cogni-
tive impairments [27] that may be closely related to oxidative
stress [28]. Our current results show that ICH generates
locomotor and exploratory damage (OF), which is main-
tained for up to 3 days after injury. However, in this case,
only the red tea was able to protect against such damage. A
significant finding is that on the seventh day after the injury,
a spontaneous recovery was observed in relation to the loco-
motor and exploratory activity, which is in agreement with
Lu et al. [29], but prevents us from evaluating whether the
teas have a protective effect in this case. Additionally, the
results show that ICH rats presented a balance impairment
(RR) until the seventh day after ICH, and that the green
and red teas were able to protect against such damages on
days 3 and 7 after the injury. The neuromotor deficit was also
observed from the first to the seventh day after ICH in NDS
test [22]. Green tea was effective to protect the damage on test
day 1 and 3 after injury, while red tea was effective only on
test day 1.

Strategies that propose the administration of antioxidant
agents have been widely tested to prevent or treat hemor-
rhagic stroke [30, 31]. Previous studies have already demon-
strated the neuroprotective effects of green tea on balance in
ICH [12] and brain ischemia-reperfusion models [18, 32].
It is known that ICH injury mechanisms are related to
increased free radical production and consequent oxidative
stress [9, 28]. In this study, ICH induced an increase on
striatum ROS and on lipid peroxidation. Green tea and
red tea were able to protect the striatum tissue against
lipid peroxidation. Any alteration on antioxidant markers
was detected.

The administration of tea from Camellia sinensis and
EGCG (the main component of green tea) has already been
described as neuroprotective by its antioxidant effects in
different models of brain injury [9, 28]. A recent study con-
ducted in our laboratory that sought to evaluate the neuro-
protective capacity of 4 teas from Camellia sinensis (green,
red, white, and black) in an ischemic stroke model showed

that the greatest protective effect on memory and oxidative
stress is from green tea and red tea, since the best effects
associated with green tea [11]. In another study using green,
red, and black teas from Camellia sinensis, Schimidt and
colleagues suggest that supplementation with green tea and
red tea may avoid deficits in social and object recognition
memories related to Alzheimer’s disease, but only green tea
avoids the hippocampal oxidative stress and damage induced
in Alzheimer model [16]. These effects may be closely related
to the greater amount of specific catechins present in green
tea [33, 34], since some literature data suggest that the bene-
ficial effects of teas are mainly related to catechins polyphenol
and their derivatives [35]. However, this may not be the only
explanation for their ability to neuroprotection. In addition
to the antioxidant capacity, we cannot disregard the anti-
inflammatory potential and inhibition of acetylcholinesterase
action [36] of the Camellia sinensis teas, although these
mechanisms are not completely clear.

The great amount of compounds in teas emphasizes the
differences of mixture use or its isolated components. Here,
considering that the neuroprotection effects could be related
to the combined activity of the varios teas' compounds [37],
we decided investigated the effects of the teas, and not of
the isolated compounds, mainly because the teas mixture
are available to population.

5. Conclusions

Green and red teas have been shown to be effective strategies,
with similar effectiveness, to prevent some motor deficits and
the striatal oxidative damage induced by ICH. The mecha-
nisms involved in their protective role include the decrease
of oxidative damage, that is, lipid peroxidation.

Data Availability

The data can be made available through request by e-mail
pamelacarpes@unipampa.edu.br.

Additional Points

Highlights. Hemorrhagic stroke (ICH) causes motor deficits
and oxidative damage in the striatum. Green tea and red
tea partially avoided the motor deficits caused by ICH. Green
tea and red tea avoided the striatal oxidative damage caused
by ICH.
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Serotonin (5-hydroxytryptamine; 5-HT) plays an important role in control of locomotion, partly through direct effects on
motoneurons. Spinal cord complete transection (SCI) results in changes in 5-HT receptors on motoneurons that influence
functional recovery. Activation of 5-HT2A and 5-HT7 receptors improves locomotor hindlimb movements in paraplegic rats.
Here, we analyzed the mRNA of 5-HT2A and 5-HT7 receptors (encoded by Htr2a and Htr7 genes, resp.) in motoneurons
innervating tibialis anterior (TA) and gastrocnemius lateralis (GM) hindlimb muscles and the tail extensor caudae medialis
(ECM) muscle in intact as well as spinal rats. Moreover, the effect of intraspinal grafting of serotonergic neurons on Htr2a and
Htr7 gene expression was examined to test the possibility that the graft origin 5-HT innervation in the spinal cord of
paraplegic rats could reverse changes in gene expression induced by SCI. Our results indicate that SCI at the thoracic level
leads to changes in Htr2a and Htr7 gene expression, whereas transplantation of embryonic serotonergic neurons modifies these
changes in motoneurons innervating hindlimb muscles but not those innervating tail muscles. This suggests that the
upregulation of genes critical for locomotor recovery, resulting in limb motoneuron plasticity, might account for the improved
locomotion in grafted animals.

1. Introduction

Motoneurons (MNs) respond to 5-HT with an increase in
excitability [1–3]. We and others have previously argued that
5-HT2A and 5-HT7 receptors are important in the initiation
and control of locomotion [3–12], and that these receptors
mediate hindlimb locomotor recovery produced in paraple-
gic animals after replacement of 5-HT neurons into the sub-
lesional spinal cord by grafts of fetal brainstem [10, 13]. One
of the effects of spinal cord transection, which interrupts the
5-HT pathway from the brainstem to the spinal cord, is plas-
ticity in 5-HT receptors of spinal MNs [14, 15]. The 5-HT7
receptors have been implicated in control of MNs or reflexes
involved in respiration, jaw movement, micturition, and

locomotion [16–21] as well as in the control of pain after spi-
nal cord injury [22, 23], while the 5-HT2A receptor has been
implicated in the control of respiration, development of
spasticity in tail and hindlimb digit MNs, and the recovery
of locomotor capability after spinal cord injury [24–27].
Intraspinal grafting of serotonergic neurons leads to func-
tional recovery and involves activation of 5-HT2A and 5-
HT7 receptors [10]. We asked whether the facilitation of
locomotion by our grafts might be mediated by plasticity in
these key receptors that are necessary for locomotor recovery.

The 5-HT7 receptor protein is found in MNs of the spinal
cord [28], with some MN populations (e.g., Onuf’s nucleus)
more intensely labeled than others. MNs in the L4 spinal
cord, where MNs to hindlimb muscles are located, displayed

Hindawi
Neural Plasticity
Volume 2018, Article ID 4232706, 15 pages
https://doi.org/10.1155/2018/4232706

http://orcid.org/0000-0002-7536-0639
http://orcid.org/0000-0002-2345-7746
http://orcid.org/0000-0003-2856-2729
https://doi.org/10.1155/2018/4232706


a relatively low level of labeling. These receptors have been
shown to have excitatory effects on some MNs, including
phrenic MNs [29] and trigeminal MNs [19], but not hypo-
glossal respiratory MNs [30, 31].

The afterhyperpolarization (AHP) in many types of neu-
rons is reduced by 5-HT, and this effect may be mediated by
5-HT7 receptors [19, 32]. MNs of limb muscles have reduced
AHPs during locomotion [33, 34], and lamprey MNs have
reduced AHP due to 5-HT [35, 36]. This effect serves as a
means of increasing MN spiking.

The 5-HT2A receptor is abundant in ventral horn MNs
[37, 38], with variable expression levels depending upon the
functional role of the cell. For example, 5-HT2A receptors
are differentially distributed on MNs to the physiological
extensor soleus muscle and extensor digitorum longus, a
physiological flexor muscle [39]. Plasticity in the 5-HT2A
receptor protein has been examined after sacral spinal cord
injury, where the changes have been suggested to underlie
the development of tail spasticity (reviewed in [14, 15]). Con-
tusive spinal cord injury at the thoracic level resulted in
upregulation of 5-HT2A receptor protein in MNs of the
rostral dorsolateral nucleus innervating the plantar muscles
of the foot, with an associated increase in the H-reflex
recorded from the plantar muscles of the hindpaw [40].
Cervical spinal cord hemisections give rise to increased
5-HT2A receptor protein in phrenic MNs and their subse-
quent increased excitability [27].

Chopek et al. [41] demonstrated that the extensor mono-
synaptic reflex in hindlimb MNs of passively cycled spinal
rats responded to quipazine (a 5-HT2 agonist). This plasticity
could be related to changes in 5-HT receptors in MNs; 5-
HT2A receptor mRNA increased after injury and increased
further after passive cycling [42]. An increase in 5-HT2A
mRNA after sacral SCI was observed in tail MNs [43].
Chopek et al. [42] found no change in 5-HT7 receptor
gene expression in lumbar MNs 3 months after spinal cord
transection, but passive cycling increased 5-HT7 receptor
mRNA. Giroux et al. [44] found spinal 5-HT receptors
increased at 15 and 30 days after spinal cord injury, but
returned to baseline levels after 60 days or more. They used
[3H]8-OH-DPAT to label 5-HT receptors, a ligand that can
bind to 5-HT7 receptors.

There is increasing evidence that activation of specific
serotonin receptors in the spinal cord is effective for enhanc-
ing locomotor recovery in spinal rats [11, 45, 46]. Out of
many serotonergic receptors present in the spinal cord, the
5-HT2A and 5-HT7 receptors are the major ones implicated
in the control of locomotion [3, 6, 7, 12, 25, 47–49]. The most
commonly used agonists that are effective in enhancing the
locomotor hindlimb movements when applied systemically
are quipazine, which has high affinity for both 5-HT2A and
5-HT2C receptors and 8-hydroxy-2-(di-n-propylamino)-tet-
ralin (8-OH-DPAT), which binds selectively to 5-HT7
and 5-HT1A receptors [46, 47, 50]. We previously demon-
strated that intraspinal grafting of embryonic brainstem
tissue containing serotonergic neurons below a thoracic
total transection enhances recovery of hindlimb locomotor
movements [10, 13, 51]. We also demonstrated that graft-
related recovery is mediated in part by 5-HT2A and 5-HT7

receptors because application of their antagonists diminished
the restored hindlimb locomotor movements [10, 13]. Con-
stitutive activity in 5-HT2 receptors is implicated in the
recovery of locomotion after SCI [25, 52], and intrathecal
application of a selective 5-HT7 receptor antagonist during
unrestrained locomotion in intact adult rats [4] blocks volun-
tary locomotion. Similar effects were obtained with 5-HT2
antagonists [53].

Here, we hypothesize that the plastic changes in these
receptors that occur after spinal cord injury might be affected
by the restoration of 5-HT innervation from grafted 5-HT
neurons so as to reverse or normalize these changes. This
hypothesis is consistent with the findings that the presence
of 5-HT or other ligands for these receptors can downregu-
late, upregulate, or desensitize these 5-HT receptors [54,
55]. We tested this hypothesis on identified MNs of the lum-
bar enlargement that innervate muscles with known actions
during locomotion (ankle flexor (TA), extensor (GM), and
tail elevator (ECM)), and we attempted to induce plasticity
in the receptors on these MNs using thoracic spinal cord
transection. We monitored the changes in receptor mRNA
expression produced in these identified lumbar MNs at 1
month and 4 months after spinal cord transection, and we
determined whether intraspinal grafting of embryonic sero-
tonergic neurons in spinal rats reverses the effects of spinal
total transection on expression of these genes. We show, for
the first time, that intraspinal grafting of embryonic seroto-
nergic neurons reverses injury-evoked changes in 5-HT2A
and 5-HT7 receptor gene expression in the MN populations
supplying hindlimb but not tail muscles. We propose that
these changes may account for the effects of the grafts on
neural plasticity responsible for locomotor recovery
achieved by intraspinal grafting of embryonic raphe nuclei
in paraplegic rats. A preliminary report of these findings
has been published [56].

2. Materials and Methods

Experiments were performed on WAG (Wistar Albino
Glaxo) 3-month-old female rats (n = 35) at the time of spi-
nal cord injury. All procedures were conducted with care to
minimize pain and suffering of animals with the approval
of the First Local Ethics Committee in Poland, according
to the principles of experimental conditions and laboratory
animal care of European Union and the Polish Law on
Animal Protection.

2.1. Spinal Cord Transection. Complete spinal cord transec-
tion (SCI) was performed (n = 23) at the Th9/10 level under
deep anesthesia (isoflurane: 5% to induce and then main-
tained with 2% in oxygen 0.2–0.3 l/min and Butomidor:
0.05mg/kg b.w.) as previously described [10]. To prevent
the possibility of axonal regrowth through the cavity of the
lesion, 1-2mm of spinal cord tissue was aspirated using
a glass pipette. Then, the muscles and fascia overlying
the paravertebral muscles were closed in layers using sterile
sutures, and the skin was closed with stainless steel surgical
clips. After surgery, the animals received a nonsteroidal
anti-inflammatory and analgesic treatment (s.c., Tolfedine
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4mg/kg b.w.) and antibiotics (s.c., Baytril 5mg/kg b.w.; gen-
tamicin 2mg/kg b.w.) for the following 5–7 days. The bladder
was emptied manually twice a day until the voiding reflex
was reestablished.

2.2. Grafting of Embryonic 5-HT Cells. One month after SCI,
nine out of 23 spinal rats were selected randomly for intrasp-
inal grafting of embryonic serotonergic cells (SCITR).
Fourteen-day-old embryos (E14; E0—the day after mating)
from time-pregnant female WAG rats were removed by
Caesarean section and transferred to Hanks’ buffered solu-
tion containing 0.5% glucose. A small piece of the embryonic
caudal brainstem area containing the B1, B2, and B3 seroto-
nergic regions was dissected under a microscope (for more
details, see [10, 57]).

At the same time, the spinal cord of a recipient rat
(isoflurane anesthesia, 5% to induce and then maintained
with 2% in oxygen 0.2–0.3 l/min) was exposed by a small
laminectomy at the Th11/12 vertebrae level (at least one
segment below the total spinal cord transection), and a
solid piece of embryonic tissue (approximately 2μl) was
injected by pressure into the spinal cord 1mm below the
pial surface through a sharpened micropipette attached
to the Hamilton syringe. The micropipette was then slowly
withdrawn to avoid graft movement. Control spinal rats
(n = 11) were subjected to a sham grafting procedure where
the operation was identical to that described above, but no
tissue was injected into the spinal cord [10, 13, 51].

2.3. Behavioral Assessment of Locomotor Ability in Spinal
Rats. Before starting the procedure of collecting data for
qRT-PCR analysis, two months after grafting (3 months after
complete spinal cord transection), all the rats were subjected
to behavioral testing to confirm the quality of their hindlimb
plantar stepping. This was established in rats suspended
above a treadmill with their forelimbs and thorax placed on
a platform and with their hindlimbs touching the treadmill
belt. To elicit hindlimb movements, a tail pinch was used.
Stimulation of tail has been used for eliciting locomotion in
many cases of complete spinal cord transection [46, 58] and
has been used in all prior attempts to reveal locomotor recov-
ery after brainstem neuron grafting [10, 13, 57, 59, 60]. The
tail stimulus was adjusted by the experimenter to maximize
the quality of plantar stepping. All the spinal grafted rats
considered for the further investigation of gene expression
in defined MNs or for immunohistochemistry of the spinal
cord presented good plantar walking performance and
were not different from those described in our previous
paper [10, 13, 51, 57].

2.4. Implantation of EMG Electrodes. To evaluate the quality
of hindlimb movements, we routinely use electromyography
(EMG). In rats from the SCI4m group (three months after
total transection) and in the rats from the SCITR group
(two months after intraspinal grafting), bipolar electrodes
for EMG recordings were implanted under isoflurane anes-
thesia (5% to induce and then maintained with 2% in oxygen
0.2–0.3 l/min) in Sol muscle (physiological extensor active
during the stance phase of the step cycle) and TA muscle

(physiological flexor active during the swing phase of the step
cycle) of both hindlimbs. The electrodes were made of
Teflon-coated stainless steel wire (0.24mm in diameter;
AS633, CoonerWire Co., Chatsworth, CA, USA). The tips
of the electrodes with 1–1.5mm of the insulation removed
were pulled through a cutaneous incision on the back of the
animal, and each of the hook electrodes was inserted into
the appropriate muscle and secured by a suture [10, 51, 57].
The distance between the electrode tips in the muscle
was 1-2mm. The ground electrode was placed under the
skin on the back of the animal in some distance from
the hindlimb muscles. The connector with the other ends
of the wires fixed to it, covered with dental cement (Spofa
Dental, Prague, Czech Republic) and silicone (3140 RTV,
Dow Corning), was secured to the back of the animal.
After surgery, the animals received antibiotic treatment
(Baytril, 5mg/kg s.c.).

2.5. Tissue Preparation and Immunohistochemistry:
Morphological Verification of Spinal Reactive Gliosis in
Spinal Rats with and without the Graft.After testing the qual-
ity of locomotor hindlimb movements, three grafted rats and
three spinal control rats without the graft were subjected
to perfusion to prepare the spinal cord tissue for histolog-
ical investigation of the graft condition and presence of
inflammatory responses at the spinal level in which the
MNs were collected.

For immunochemistry, the spinal cords were collected
from the animals deeply anesthetized with pentobarbital
and transcardially perfused with cold 0.1M phosphate-
buffered saline (PBS), pH7.2, for 2-3min and subsequently
with cold 4% paraformaldehyde in PBS for 15min. The spi-
nal cords were postfixed and then cryoprotected gradually
up to 30% sucrose in PBS, embedded in OCT, frozen on
dry ice, and sectioned in a cryotome (12μm). The collected
cross sections were immobilized on poly-L-lysine-covered
glass slides and stored at −20°C.

The primary antibodies that were used in the immuno-
histochemistry were mouse antiglial fibrillary acidic pro-
tein (GFAP, 1 : 1000, BD Pharmingen) for astrocytes and
mouse neuronal nuclear protein antibody (NeuN, 1 : 100
Millipore) for neuronal labeling. Isolectin B4 (FITC-conju-
gated, 20μg/ml, Sigma-Aldrich) was used for activated
microglia detection. To identify 5-HT-positive fibers, rab-
bit anti-5-HT antibody (1 : 1000, ImmunoStar) was used.
The Alexa Fluor secondary antibodies were used: 488-
conjugated donkey antibody against mouse IgG, 647-
conjugated goat antibody against mouse IgG, and 555-
conjugated donkey antibody against rabbit IgG, (1 : 1000
Invitrogen). Nuclei were stained with DAPI dye (1μg/ml in
H2O, Sigma-Aldrich).

For the immunostaining, frozen cross sections, after
several rinses in PBS, were blocked in 10% normal donkey
or donkey/goat serum with 0.5% Triton X-100 in PBS at
RT for 2 h and then incubated overnight at 4°C with pri-
mary antibodies followed by incubation with fluorophore-
conjugated secondary antibodies for 2h at room temperature.
The specimens were coverslipped in fluorescence mounting
medium (Dako) after several washes in PBS and examined
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on either a Zeiss Fluorescence Microscope Axio Imager.M2 or
a Leica SP5 Laser Scanning Confocal Microscope.

2.6. Motoneuron Labeling. One week before the animal
euthanasia, populations of MNs innervate the following mus-
cles: TA of the right hindlimb, GM of the left hindlimb, and
ECM of the right side of the tail were labeled by intramuscu-
lar injection by cholera toxin subunit B (CTB) coupled with
Alexa Fluor 555 dye (see examples of CTB-labeled MNs
innervating TA, GM, and ECM muscles in Figure 1). The
TA and GM muscles were selected on the left and right sides
to provide easy differentiation between the two MN pools
innervating these two muscles when the same type of labeling
was used in both of them. Also, the left ECM pool MN label-
ing (the most caudally localized) is a marker of the left side
helping in identification of the GM MN pool. At the same
time, the ECM and TAMN pools are separated with the most
rostrocaudal distance. The ECM muscle was also selected
because it plays a role in elevation of the tail, an indicator
of functional recovery after spinal cord injury, according to
the BBB score [61]. Animals were anesthetized using isoflur-
ane (5% to induce and then maintained with 2% in oxygen
0.2–0.3 l/min), and proper muscles were exposed by small
skin incisions enabling injection with 0.5% CTB using Ham-
ilton syringe (TA and GMmuscles 3× 15μl of CTB and ECM
muscle 2× 20μl of CTB). The CTB injection was performed
over a period of 2 minutes, the needle was slowly (2min)
withdrawn, and the skin incision was closed.

2.7. Htr2a and Htr7 Gene Expression Analysis

2.7.1. Experiment Scheme. In order to examine the Htr2a and
Htr7 gene expression in MNs innervating selected hindlimb
and tail muscles, we performed experiments on 29 WAG
female rats, in which specific motoneuron pools were labeled
by injection of retrograde tracer molecules into a target mus-
cle. Our investigations were performed on rats from four

experimental groups: INT: intact (n = 12); SCITR: spinal cord
injury followed by intraspinal transplantation of embryonic
brainstem tissue containing serotonergic neurons (n = 6);
SCI1m: 1 month after spinal cord injury (n = 5); SCI4m: 4
months after spinal cord injury (n = 6)-the time matched
with the time of euthanasia of rats from the SCITR group.

Animals from the SCI1m and SCI4m groups were sub-
jected to a spinal cord total transection procedure performed
at the thoracic level. Animals from the INT group were the
control animals that were not subjected to any procedure.
Animals from the SCITR group received an intraspinal graft
of 14-day-old rat embryonic brainstem one month after spi-
nal cord total transection. Three months after intraspinal
grafting in SCITR group and four months after complete
transection in rats of both groups, SCITR and SCI4m (seven
days after motoneuron tracer injection with cholera toxin
subunit B coupled with Alexa Fluor 555) rats were transcar-
dially perfused with PBS solution to remove any blood-
borne 5-HT receptors, and the spinal cord was dissected
and prepared for further analysis (animals from the SCI4m
and SCITR groups were euthanized 4 months after spinal
cord total transection).

2.7.2. Laser Capture Microdissection (LCM) of Selected
Motoneurons. Spinal cord tissue was collected from animals
that were deeply anesthetized and transcardially perfused
with PBS solution. Then, the spinal cords were immediately
dissected and frozen by fast immersion in isopentane
(−80°C) and stored at −80°C until future processing. Hori-
zontal sections (20μm) of the lumbar-sacral spinal cord frag-
ment were cut on the cryostat in −20°C and mounted on PEN
Membrane Frame Slides (Applied Biosystems). Slides were
stored at −80°C until future use.

Slides were dehydrated by immersion in increasing
concentrations (70%, 90%, and 100%) of ethyl alcohol
(ETOH) followed by immersion in xylene. Motoneuron
collection was performed using an Arcturus Laser

GM

TA

ECM

(a)

ECM

(b)

GM

(c)

TA

(d)

Figure 1: (a) Examples of labeled motoneurons (cholera toxin subunit B coupled with Alexa Fluor 555) innervating selectedmuscles: extensor
caudae medialis (ECM) of the right side (b), gastrocnemius lateralis (GM) in the left hindlimb (c), and tibialis anterior (TA) in the right
hindlimb (d). Scale bar: 50μm.

4 Neural Plasticity



Microdissection System (Applied Biosystems). Tissue sec-
tions were photographed using a filter set for Alexa Fluor
555 to identify CTB-labeled MNs. Individual MNs were
dissected using UV laser and collected on Cap Sure Macro
LCM Caps (Applied Biosystems). After incubation in lysis
buffer (Arcturus Pico Pure RNA Isolation Kit, Applied Bio-
systems) for 30 minutes, the samples were stored at −80°C
until future processing.

2.7.3. RNA Isolation. RNA was isolated using an Arcturus Pico
Pure RNA Isolation Kit (Applied Biosystems) according to the
manufacturer’s instructions. Any residual genomic DNA was
removed using supplementary DNAse I (RQ1 RNase-Free
DNase, Promega) treatment. Three independent measure-
ments of RNA concentration were obtained using NanoDrop
(Thermo Scientific). RNA samples were pooled by mixing the
same RNA amount isolated from one motoneuron population
from all rats in a particular experimental group (i.e., equal
amounts of RNA collected from the particular selected moto-
neuron populations in different rats in the same experimental
group were pooled). RNA samples were stored at −80°C.

2.7.4. Reverse Transcription PCR and cDNA Preamplification.
Reverse transcription PCR (RT-PCR) was performed in aMJ
Mini Personal Thermal Cycler (Bio-Rad) using aHigh Capac-
ity cDNA Reverse Transcription Kit (Applied Biosystems)
according to the manufacturer’s instructions (10min, 25°C;
120min, 37°C; 5min, 85°C; storage 4°C) with use of 31ng
of purified RNA as a sample. Synthesized cDNA was stored
at −20°C for future use.

Preamplification was performed to increase the number
of cDNA copies to the level necessary for accurate detection
in the real-time PCR reaction. cDNA was preamplified in
MJ Mini Personal Thermal Cycler (Bio-Rad) using TaqMan
PreAmp Master Mix Kit (Applied Biosystems). Reactions
were conducted in standard conditions according to the pre-
amplification kit manufacturer’s instructions: 95°C for
10min; then 14 cycles: 95°C for 15 s; 60°C for 4min.

2.7.5. Real-Time PCR. Expression of the Htr2a and Htr7
genes (encoding the 5-HT2A and 5-HT7 receptors, resp.) in
the selected MN populations was measured by semiquantita-
tive real-time PCR (qRT-PCR) using a Step One Plus
(Applied Biosystems) thermocycler and TaqMan gene-
specific FAM/MGB assays (Applied Biosystems). Ppia gene
encoding cyclophilin A was used as the housekeeping gene.
The description of TaqMan assays used in the qRT-PCR
reaction is shown in Table 1.

Reactions were run in triplicate for each sample and for
each assay in 20μl reaction mix prepared in accordance with
TaqMan Gene Expression Master Mix (Applied Biosystems)

manufacturer recommendations. Reactions were run in stan-
dard, recommended by TaqMan Gene Expression Master
Mix manufacturer conditions (2min, 50°C; 10min, 95°C;
then 40 cycles: 15 s, 95°C; 1min, 60°C). Relative expression
levels of analyzed genes were then calculated using the com-
parative CT method.

2.8. Statistical Analysis. For comparison of results from two
experimental groups, Student’s t-test analysis was used after
normal distribution was confirmed using Shapiro-Wilk test
(Prism, GraphPad Software, La Jolla, CA). For statistical
analysis of the results collected from qRT-PCR of more than
two experimental groups that were expressed in relation to
those established in INT rats, the nonparametric Kruskal-
Wallis test for multiple independent sample comparison
followed by Conover post hoc (further adjusted by the Holm
family-wise error rate (FWER) method and in one case the
method of Benjamini-Hochberg false discovery rate (FDR)
when the FWER method just approached significance) was
used (http://astatsa.com/KruskalWallisTest/).

3. Results

3.1. Locomotor Ability in Spinal Rats. As we published before,
the SCI rats (SCI1m and SCI4m) presented very limited hin-
dlimb movements [10, 11, 13, 46, 51]. Usually, their hin-
dlimbs were outstretched passively behind the hindquarters
without any spontaneous hindlimb movement present and
there was hardly any EMG activity recorded in the hindlimb
flexor (TA) and extensor (Sol) muscles (Figure 2(a)). In con-
trast, the hindlimbs of the SCITR rats moving in the home
cage were abducted with partial flexion in the ankle joint or
flexed at all joints with the foot plantar surface touching the
ground, but without noticeable body weight support in spite
presence of some EMG activity in hindlimb Sol and TAmus-
cles (Figure 2(c)). Tail pinching in SCI rats suspended over a
treadmill induced only irregular, limited hindlimb move-
ments characterized by obvious lack of body weight support
with no plantar stepping. EMG activity of hindlimb flexor
and extensor muscles was irregular with lack of the long burst
of Sol EMG activity related to the stance phase of the step
cycle that is observed in normal locomotor activity of intact
rats (Figure 2(b)). In SCITR rats suspended over the treadmill,
tail pinch was effective to induce regular plantar hindlimb
walking with nice regular EMG muscle activity with typical
alternating pattern of EMG Sol versus TA bursts of activity
and long burst of Sol related to the stance phase of step cycle
in both hindlimbs (Figure 2(d)).

3.2. Morphological Verification of Reactive Gliosis in Spinal
Rats with and without the Graft. As we published before

Table 1: Description of assays used in real-time PCR.

Gene symbol Reference number Gene name Assay ID Amplicon length

Ppia NM_017101.1 Cyclophilin A Rn00690933_m1 149

Htr2a NM_017254.1 Receptor 5-HT2A Rn00568473_m1 71

Htr7 NM_022938.2 Receptor 5-HT7 Rn00576048_m1 85
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[10, 51, 57], intraspinally grafted 5-HT neurons survive
the grafting procedure and their axons grow into the distal
part of the host spinal cord, spreading caudally for a consid-
erable distance below the total transection. Figure 3(b) shows
a representative example of fetal grafted tissue located in the
spinal cord one/two segments below the total transection of
the spinal grafted rat. The sham-operated spinal SCI4m rats
do not possess any 5-HT innervation in the spinal cord below
the total transection (Figure 3(a)). Here, we also verified the
presence of activated microglia and astrocytes in the spinal
cord below transection in spinal rats with (SCITR) and with-
out the graft (SCI4m) long after the injury (4 months). While
there was moderate microglia activation detectable within
white matter and virtually no activation in grey matter at
Th13/L1 (the level of a real or sham grafting), we were not
able to detect any sign of inflammation at L4/L5 in any of
the animals, regardless of whether they were sham or grafted
ones (Figure 3 left and middle panels). Moreover, while we
identified a slightly increased number of astrocytes in ventral
horns at the grafting level compared to control, the same
numbers of astrocytes were observed at L4/L5 in both SCI4m
and SCITR rats. However, none of the detected astrocytes
showed the morphology of reactive cells (Figure 3, right
panel). Thus, we assumed that 4 months after transplantation

of embryonic tissue, there is no inflammatory reaction in the
ventral horn at and below of L4/L5 spinal cord levels, where
our samples were taken. This finding demonstrates that a role
for inflammation in changes in 5-HT receptors such as previ-
ously suggested after sacral spinal cord injury [43] does not
apply in our case.

3.3. Htr2a and Htr7 Gene Expression in MNs of Intact Adult
Rats. The relative abundance of the distinct mRNAs was
established by the minimal number of amplification cycles
necessary to detect a given mRNA and was presented at
graph as 1/ΔCt value. In all analyzed populations of MNs
innervating the TA, GM, and ECM muscles, expression of
Htr2a and Htr7 genes (encoding 5-HT2A and 5-HT7 recep-
tors, resp.) was detectable and expression of Htr2a gene in
all analyzed motoneurons was significantly higher (Student’s
t-test p < 0 0001) than expression of gene encoding 5-HT7
serotonin receptor (Figure 4).

3.4. Htr2a Gene Expression in MNs. In comparison to INT
rats, in SCI1m rats, the Htr2a gene expression was reduced
by ~60% in TA MNs (nonparametric Kruskal-Wallis test
(df: 3, p = 0 015) with Conover post hoc test p < 0 001) and
by ~50% in the GMMNs (nonparametric Kruskal-Wallis test
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Figure 2: Examples of EMG recordings from hindlimb muscles of the spinal rats (a) and (b) and spinal grafted rat (c) and (d) during
exploratory behavior in the home cage (a) and (c) and during locomotor-like hindlimb movements on a treadmill induced by tail
pinching (b and d). Note that in spinal control rats during spontaneous movement in the home cage, the hindlimb muscles were usually
silent but a brief episode of EMG activity could be induced by a sudden touch of the rat tail (a), while in the spinal grafted rats, the
spontaneous EMG activity of Sol and TA muscles could be obtained without any external intervention (c) (for more details, see [10, 13,
51, 57]. Sol: soleus muscle; TA: tibialis anterior muscle; l/r: left/right.
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(df: 3, p = 0 019) with Conover post hoc test p < 0 01) and
increased by 103% in ECM MNs (nonparametric Kruskal-
Wallis test (df: 3, p = 0 015) with Conover post hoc p <
0 0001) when normalized to the Htr2a gene expression in
MNs of INT animals (Figure 5).

In SCI4m rats, the Htr2a gene expression was also lower
than in INT rats (~45% of INT) in TA MNs (Conover post
hoc test p < 0 001) and GM MNs (Conover post hoc test p <
0 05). There was also a small difference in gene expression in
SCI4m rats in comparison to SCI1m rats (Conover post hoc test
p < 0 05) in MNs of both TA and GM muscles. In SCI4m, the
Htr2a gene expression in the ECM MNs decreased by ~44%
(Conover post hoc p < 0 001) in comparison to the gene
expression level measured in SCI1m rats. Expression of the
Htr2a gene in TA and GM MNs of SCI4m rats was still much
lower than expression of this gene in INT rats (Figure 5).

Intraspinal grafting of embryonic brainstem serotonergic
neurons reversed to some extent changes in the Htr2a gene
expression observed in the TA and GM MNs of SCI1m rats
(Figure 5). Expression of the Htr2a gene in TA and in GM
MNs in SCITR rats was significantly higher by 112% and
110%, respectively, than that in SCI1m (Conover post hoc
test p < 0 001 for both MN populations) and by 52% and
93%, respectively, than that in SCI4m (Conover post hoc test
p < 0 05 and p < 0 01, resp., for both MN populations).
However, Htr2a gene expression remained ~14% lower in
comparison to MNs of INT TA (Conover post hoc test p <
0 05) but in the GM MNs was restored to the level of INT
(Conover post hoc test p > 0 05). The expression of the
Htr2a gene in ECM MNs of SCITR rats remained increased
by ~25% in comparison to that in MNs of INT rats (Conover
post hoc test p < 0 001).
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Figure 3: Immunofluorescent detection of inflammatory response in control SCI4m (a) and transplanted SCITR (b) rats at 4 months after total
spinal transection and 3 months after transplantation (sham grafting in SCI4m). The first panel shows general view of spinal cord cross section
labeled with isolectin B4 (IB4) to visualize activated microglia in low power; the next two panels show boxed area labeled with IB4 (green; left
and middle panel) for microglia and GFAP (green; right panel) for astrocytes, reimaged using confocal microscope. Note grafted tissue at
Th13/L1 and serotonin-positive fibers (5-HT, red) located closely to ventral horn motoneurons (NeuN; purple) at L4/L5. Representative
images: scale bar: 500μm and 50 μm in low- and high-power images, respectively.

7Neural Plasticity



3.5. Htr7 Gene Expression in MNs. In SCI1m rats, the Htr7
gene expression was reduced by ~22% in TAMNs (nonpara-
metric Kruskal-Wallis test (df: 3, p = 0 015) with Conover
post hoc test p < 0 001), by ~50% in GMMNs (nonparamet-
ric Kruskal-Wallis test (df: 3, p = 0 022) with Conover post
hoc test p < 0 05), and by ~20% in ECM MNs (nonparamet-
ric Kruskal-Wallis test (df: 3, p = 0 025) with Conover post
hoc test p < 0 001) when normalized to theHtr7 gene expres-
sion in MNs of INT animals (Figure 6).

In SCI4m rats, the Htr7 gene expression was also lower
than in INT rats in TA MNs (Conover post hoc test p <
0 05) and in GM MNs (Conover post hoc test p < 0 01).
There was also a small increase in gene expression in SCI4m
rats in comparison to SCI1m rats (Conover post hoc test
p < 0 05) in TA MNs but remained significantly lower in
comparison to that of INT (p < 0 01). In MNs of GMmuscle,
Htr7 gene expression was unchanged (Conover post hoc test
p > 0 05) in comparison to that of SCI1m rats but remained
lower in comparison to that of INT (Conover post hoc test
p < 0 01). In SCI4m, the Htr7 gene expression in the ECM
MNs increased by ~12% (Conover post hoc test p < 0 05) in
comparison to the gene expression level measured in SCI1m
rats (Figure 6).

Intraspinal grafting of embryonic brainstem serotonergic
neurons reversed changes in the Htr7 gene expression
observed in the TA and GM MNs of SCI1m rats (Figure 6).
Expression of the Htr7 gene in the TA MNs (nonparametric
Kruskal-Wallis test (df: 3, p = 0 015) with post hoc Conover
method for multiple comparisons p < 0 001) and in the GM
MNs (nonparametric Kruskal-Wallis test p = 0 022 and

Conover post hoc adjusted with FDR method for multiple
comparisons p < 0 05) in SCITR rats was higher than that in
the INT rats. Expression of the Htr7 gene in SCITR signifi-
cantly increased by ~109% (Conover post hoc p < 0 01) and
~215% (Conover post hoc test p < 0 001) in the TA and
GM MNs, respectively, in comparison to the Htr7 gene
expression in the SCI1m and by ~86% (Conover post hoc
p < 0 001) and ~215% (Conover post hoc test p < 0 001)
in the TA and GM MNs, respectively, in comparison to the
Htr7 gene expression in SCI4m rats. On the other hand, in
the ECM MNs, expression of the Htr7 gene in the SCITR rats
was not different in comparison to theHtr7 expression in the
SCI4m rats (nonparametric Kruskal-Wallis (df: 3, p = 0 025
with Conover post hoc p = 0 81)).

4. Discussion

In our previous papers, we demonstrated that intraspinal
grafting of embryonic neurons destined to form the descend-
ing 5-HT system of the rat brain stem effectively restores
coordinated plantar stepping in adult spinal rats [10, 13, 51,
57]. We also demonstrated that such recovery is mediated
by 5-HT2A and 5-HT7 serotonergic receptors [10, 13].

In the present paper, we confirmed expression of the
Htr2a and Htr7 genes in MN populations of intact and para-
plegic rats. We showed for the first time that intraspinal
transplantation of rat E14 embryo brainstem containing
serotonergic neurons increases expression of these genes in
the TA and GM hindlimb MNs in comparison to ungrafted
spinal animals. We found that 5-HT7 receptor mRNA was
decreased at 1 month and 4 months after spinal cord injury
in all 3 types of MNs. In the presence of the grafts, 5-HT7
mRNA levels increased above those at 1 and 4 months and
were significantly different from the intact condition in TA,
GM, and ECMMNs. The graft tended to reverse the decrease
in 5-HT7 receptor mRNA in TA and GM MNs, with a sus-
tained increase after 4 months in the grafted rats. The grafts
did not have such an effect in ECM (tail) MNs. One month
after SCI, 5-HT2A receptor mRNA decreased in flexor and
extensor MNs, while it increased in tail MNs. Flexor and
extensor MNs had decreased 5-HT2A mRNA after 4 months,
while 5-HT2A mRNA in the tail MNs decreased in compari-
son to that observed one month after SCI but remained
slightly higher than that in INT. Grafting resulted in 5-
HT2A mRNA levels that did not differ from the intact condi-
tion in GM MNs, but 5-HT2A mRNA expression continued
to be slightly downregulated in TA MNs and upregulated in
ECM MNs. It is possible to conclude that the presence of
the grafts tended to normalize the levels of 5-HT receptor
mRNA in limb muscle MNs, as predicted by our hypothesis,
but not in MNs of tail muscle. A possible mechanism for the
effect of the grafts might be that increasedHtr2a gene expres-
sion may be a consequence of the increased presence of 5-HT
derived from the graft, which can occur in some cells [62].
The mechanism for regulation of Htr2a gene expression in
MNs of different types may vary. This is a suitable topic for
further research.

Our data showing 5-HT2A mRNA upregulation in ECM
is similar to findings on receptor protein upregulation in
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Figure 4: Expression level of Htr2a and Htr7 genes (encoding 5-
HT2A and 5-HT7 receptors, resp.) in motoneuron populations
innervating TA, GM, and ECM muscles in intact adult rats.
Expression levels of Htr2a and Htr7 genes were normalized to the
expression level of the constitutively active Ppia (cyclophyline A)
gene and was presented as the 1/ΔCt value of the analyzed genes.
Student’s t-test ∗∗∗p < 0 0001. Data are presented as
mean ± standard deviation (mean ± SD). TA: tibialis anterior
muscle; GM: gastrocnemius muscle; ECM: extensor caudae
medialis muscle.
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more distal tail muscle MNs [63–65]. In MNs innervating
hindlimb muscles, 5-HT2A receptor protein levels have been
observed to be upregulated 4–6 weeks after contusive SCI
[66, 67]. Protein levels for this receptor have not been

examined at later time points after injury. Absence of an
increase in Htr2a gene expression after total transection
observed here is consistent with in situ hybridization data
obtained by Ung and colleagues showing a clear tendency
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Figure 5: Changes in the Htr2a gene expression in MNs innervating the TA (a), GM (b), and ECM (c) muscles in rats one and four months
after total spinal cord transection and in spinal rats with a graft of 14-day-old rat embryonic brainstem tissue containing serotonergic
neurons. INT: intact rats; SCI1m: rats 1 month after spinal cord transection; SCI4m: rats 4 months after spinal cord transection; SCITR: rats
4 months after spinal cord transection with a graft; TA: tibialis anterior muscle; GM: gastrocnemius muscle; ECM: extensor caudae
medialis muscle. Data normalized to the expression of Htr2a gene in MNs of INT rats are presented as mean ± SD (standard deviation).
Nonparametric Kruskal-Wallis test with Conover post hoc method for multiple comparison (∗p < 0 05; ∗∗p < 0 01; ∗∗∗p < 0 001).
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of 5-HT2A mRNA to decrease in the ventral horn of lumbar
segments 28 days after spinal cord transection in adult mice
[68]. Our data on 5-HT2A receptor mRNA are not predictive
of the increase in 5-HT2A receptor protein. Maier et al. [69]
reviewed the common observation that mRNA and protein
expression can be uncorrelated. They conclude that the
major posttranslational factor influencing mRNA-protein
correlation is the individual half-life of proteins. Our obser-
vation of a decrease in mRNA expression at times when

increases in protein expression occur [66, 67] can be
explained by the relative half-life of the mRNA and the 5-
HT2A receptor protein. In situ hybridization results [68] are
consistent with a decrease in Htr2a gene expression after
spinal cord injury in the ventral horn (28 days in their case
and one month and 4 months in our case). In the paper by
Chopek et al. [42], the samples were taken 3 months after
injury. Since mRNA expression is not maintained in a steady
state [69], some fluctuation in mRNA expression over time is
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Figure 6: Changes in the Htr7 gene expression in MNs innervating TA (a), GM (b), and ECM (c) muscles in rats one and four months after
total spinal cord transection and in spinal rats with a graft of 14-day-old rat embryonic brainstem tissue containing serotonergic neurons.
INT: intact rats; SCI1m: rats 1 month after spinal cord transection; SCI4m: rats 4 months after spinal cord transection; SCITR: rats 4
months after spinal cord transection with a graft; TA: tibialis anterior muscle; GM: gastrocnemius muscle; ECM: extensor caudae medialis
muscle. Data normalized to the expression of Htr7 gene in MNs of INT rats are presented as mean ± SD (standard deviation).
Nonparametric Kruskal-Wallis test with Conover post hoc method for multiple comparison (∗p < 0 05; ∗∗p < 0 01; ∗∗∗p < 0 001).
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to be expected. For example, in laser-captured phrenic moto-
neurons [70], mRNA for 5-HT2A receptors was upregulated
14 days after cervical hemisection, but had returned to nor-
mal or below at 21 days. Fuller et al. [27], in contrast, found
upregulation of 5-HT2A protein after 7–14 days in the same
preparation (cervical hemisection). The decrease in Htr2a
gene expression may be an autoregulatory response to
increased receptor density [71].

Chopek and others [42] found significant increases in
Htr2a gene expression in motoneurons innervating hindlimb
flexor and extensor muscles after spinal cord transection.
This is not surprising given the frequent absence of correla-
tion between gene and protein expression after injury. What
might account for the differences between our findings and
those of Chopek et al? They might be an effect of different
selection of motoneurons for analysis. We compared MNs
innervating TA with those innervating GM based upon the
fact that these muscles have comparable composition of the
three types of motor units, but they are different in function
(extensor versus flexor). Chopek and others collected MNs
innervating both soleus and gastrocnemius lateralis muscles
to the extensor pool and MNs innervating extensor digi-
torum longus and tibialis anterior muscles to the flexor pool.
Soleus is a typical slow muscle, and extensor digitorum
longus is a typical fast muscle, so including these MNs in
their extensor and flexor pools, respectively, may have influ-
enced the results. MNs of different sizes may express 5-HT2A
receptors differently, and they react differently to spinal cord
injury [72]. Moreover, Chopek and others [42] use SDHA as
the reference gene for qPCR analysis, which may have influ-
enced the results, because expression of this gene may be
altered by spinal cord injury. This is the case after disuse in
microgravity, and it appears to induce changes in SDHA
expression differently in motoneurons of different sizes [73,
74]. We selected the Ppia gene after Navarrett and others
[75], who verified it as suitable for use in spinal cord tissue
after injury. We also eliminated any effects of 5-HT receptors
in blood [76] by perfusing the rat with PBS before dissecting
the spinal cord and further preparation for laser capture of
the motoneurons, whereas this was not done by others who
observed an increase in 5-HT2A mRNA [42, 43]. In the Di
Narzo et al. [43] study, the sample was taken from the sacral
cord and was not limited to motoneurons. Another possible
explanation for the differences between our observations on
5-HT2A mRNA levels after injury and those of Chopek
et al. [42] and Di Narzo et al. [43] is that they used
Sprague-Dawley rats, while WAG (Wistar Albino Glaxo) rats
were used in our study.

Di Narzo et al. [43] described recently that in rat spinal
cord, the mRNA expression of Htr2c gene is influenced by
inflammation caused by total transection at the sacral level
(0.6mm below and above the SCI). Our analysis of the
inflammatory responses in the spinal cord of spinal rats
with and without a graft revealed that in the ventral horn
of the lumbar segments (6mm below the graft site—the
shortest distance below the graft that MNs of TA and
GM muscles were collected), there was no increased level
of astrocytes and no presence of activated microglia. Thus,
inflammation induced by intraspinal grafting is not likely to

be responsible for the observed changes in Htr2a and Htr7
gene expression.

There is good evidence for constitutive activity in 5-HT2
receptors in sacral MNs after S2 spinal cord injury (reviewed
in [14]), but the evidence that this is true in MNs innervating
limb muscles is less complete. The degree of constitutive
activity of 5-HT2A receptors is thought to be dependent upon
mRNA expression [75]. The reduction in mRNA after SCI
may be interpreted as an indication of decreased constitutive
activity in both 5-HT2A and 5-HT7 receptors. Our finding
that limb motoneuron 5-HT2A and 5-HT7 mRNA expression
is increased by the grafts could therefore reflect an increase in
constitutive activity in these receptors. Whether this can
account for the efficacy of the grafts for improving locomotor
recovery in paraplegic rats will require further investigation.
These results suggest that the mechanisms regulating 5-HT
receptor mRNA expression in limb and tail MNs after SCI
might be different.

Our results showing 5-HT7 receptor mRNA upregulation
after grafting provides support for the suggestion that the graft
improves locomotion by increasing the role of this receptor in
theseMNs. Both 5-HT2A and 5-HT7 receptors are expressed in
phrenic MNs, and both receptors facilitate spinal motor plas-
ticity [77, 78]. Their coexistence results in mutual crosstalk
inhibition (Fuller and Mitchell respiratory neuroplasticity)
due to the downstream effects induced by Gq (5-HT2A) and
Gs (5-HT7) activation. The details of this crosstalk inhibition
are not well defined, but this factor needs to be taken into
account if the function of neurons expressing both these G
protein receptors is to be understood. In the case of limb
motoneurons, it is possible that such crosstalk inhibition could
result in mutual downregulation of receptor expression. Fur-
ther investigations of the effects of 5-HT7 receptors on limb
motoneurons are warranted. A description of the mechanisms
involved in the increased expression of RNAs for both recep-
tors induced by the grafts will require further investigation.

5-HT7 receptors appear to be expressed in limb MNs, but
their role in controlling motoneuron function has not been
established. Zhang [79] found that a 5-HT7 receptor agonist
produced depolarization when applied iontophoretically
onto lumbar MNs in cat spinal cord. MN excitability might
be increased if 5-HT7 receptors mediated a reduction in the
afterhyperpolarization in limb MNs, which appears to be
the case in trigeminal MNs [19]. LimbMNAHPs are reduced
by iontophoretically applied 5-HT [80], but the receptor
responsible for this effect has not been determined. These
issues need to be investigated, along with the possibility of
inhibitory crosstalk between 5-HT2A and 5-HT7 receptors
which occurs in phrenic motoneurons [77, 78], when both
receptors are present in the same cell.

5. Conclusion

Our results indicate that thoracic spinal cord transection
leads to changes in Htr2a and Htr7 gene expression, whereas
transplantation of embryonic serotonergic neurons reverses
these changes in MNs innervating hindlimb muscles but
not those innervating the tail muscle. These differences in
Htr2a and Htr7 gene expression between MNs innervating
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hindlimb and tail muscles can be a result of the distance from
the graft to the motoneurons. The fibers of grafted 5-HT neu-
rons do not extend farther than to the level of L4-L5 lumbar
segments [10, 57], so motoneurons innervating the ECM
muscle may not be supplied by serotonergic innervation of
graft origin. Alternatively, it may be that motoneurons that
innervate tail muscles have unique adaptations to spinal
injury and the effects of intraspinal grafts of 5-HT neurons,
such as reliance on constitutive activity of 5-HT2 receptors
after spinal cord injury. Increased Htr2a and Htr7 gene
expression induced by the graft could restore motoneuron
excitability and lead to improved motor function, such as
we observed in the grafted rats [10, 57]. Here, we show for
the first time that changes in gene expression induced by
the graft may account for this recovery.
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Focal hand dystonia in musicians is a neurological motor disorder in which aberrant plasticity is caused by excessive repetitive use.
This work’s purposes were to induce plasticity changes in a dystonic musician through five daily thirty-minute sessions of 1Hz
repetitive transcranial magnetic stimulation (rTMS) applied to the left M1 by using neuronavigated stimulation and to reliably
measure the effect of these changes. To this aim, the relationship between neuroplasticity changes and motor recovery was
investigated using fine-grained kinematic analysis. Our results suggest a statistically significant improvement in motor
coordination both in a task resembling the dystonic-inducing symptoms and in a reach-to-grasp task. This single case study
supports the safe and effective use of noninvasive brain stimulation in neurologic patients and highlights the importance of
evaluating outcomes in measurable ways. This issue is a key aspect to focus on to classify the clinical expression of dystonia.
These preliminary results promote the adoption of kinematic analysis as a valuable diagnostic tool.

1. Introduction

Dystonias are a group of disorders characterized by intermit-
tent or sustained muscle contractions causing twisting and
repetitive movements (for a review, see [1, 2]). The crucial
catalyst behind dystonia is a multifactorial combination of
excessive plasticity, intensive training, and failure of limiting
plastic changes, as seen through noninvasive neurostimula-
tion studies [3]. Once this abnormal plasticity process is
brought under control, it could ultimately result in a clinical
improvement [4].

Dystonia may be task-specific producing abnormal
motor performance for only a specific task, such as in musi-
cian’s dystonia (MD). MD affects isolated fingers that per-
form complex and repetitive motor tasks during actions
associated with musical play, but can also lead to impaired
adjacent finger flexion [2]. This overflow into adjacent mus-
cles not specifically involved in the particular motor task is
due to a loss of inhibition that manifests in the periphery with
abnormally long muscle bursts [5]. In MD, abnormally
prolonged muscle firing due to selective overtraining of

an intended finger may prevent the ability to keep excitability
within a useable range (i.e., homeostatic plasticity), a func-
tion which is specifically impaired in dystonia [6].

Although its underlying pathophysiology remains
unclear, several studies in patients with MD have shown that
repeated and prolonged hand use might result in abnormal
activity in the cortical representation of the hand [7, 8]. In
fact, important neural correlates of task-specific dystonia
are the enlarged and partially overlapping fields revealed by
brain imaging and transcranial magnetic stimulation (TMS)
studies targeting the somatosensory and the motor cortices
[8–14]. Whereas a typical homuncular organization reveals
a distance of about 2.5 cm between the representations of
the thumb and the little finger, these boundaries seem to be
blurred for the dystonic fingers [10]. This lack of clearly
defined somatosensory and motor cortical representations
can lead to involuntary motor control [15]. The loss of con-
trol is particularly evident during fast passages, often leading
to involuntary flexion or extension of one or more fingers
[16]. In particular, stringed instrument players exhibit a
use-dependent alteration in the cortical representational
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zones of the digits of the hand that engage in the dexterity-
demanding task of fingering the strings [17]. While initial
MD is only associated with impairment of highly practiced
motor tasks, it can subsequently lead to severe deficits, even-
tually terminating a career for one percent of professional
musicians [18].

Although prompt initiation of treatment could rescue
some patients, dystonia is often misdiagnosed or neglected
since the lack of objective diagnostic criteria and reliable bio-
markers prohibits early diagnostic recognition [19]. So far,
the extent of motor symptoms has mainly been estimated
by means of visual inspection and rating procedures (e.g.,
[20]), without providing fine resolution (but see [21] for an
example of kinematic analysis to assess a flautist perfor-
mance). In addition, treatment responses are very patient-
dependent. A precise quantification tool for objective and
reliable diagnosis and for treatment evaluation is therefore
needed to acquire highly precise data and to identify subtle
differences in the symptomatology.

Given the sparse literature on this topic, there are no
clinical practice guidelines on how to recover voluntary
motor control. To date, the preferred treatment for dystonia
is botulinum toxin injection, but it only transiently works in a
minor fraction of patients and its application is limited by the
spread of weakness to adjacent muscles, which causes further
motor performance impairment [22].

Recently, motor training has been combined with neuro-
stimulation methods in an attempt to normalize brain excit-
ability and recover motor performance [23, 24]. Notably,
since the effects of long-term treatment might differ from
those of a single session [24], TMS is usually delivered in
repeated daily sessions to prolong after effects. Therapeutic
procedures with dystonic patients classically adopted daily
sessions of low-frequency repetitive TMS (rTMS) over the
primary motor cortex (M1; [5, 25–28]) or the premotor
cortex (PM; [24, 29, 30]). Siebner and colleagues [25, 26]
evaluated the effect of low-frequency (1Hz) stimulation of
M1 to increase inhibition in the motor areas of the cerebral
cortex. Low-frequency rTMS set to 10% below the resting
motor threshold of the target muscle restored intracortical
inhibition. Treatment output on handwriting was quantified
by means of a pressure-sensitive digitizing tablet.

Needless to say, the principle of the measurement must
be based on the phenomenology of each patient. Motor
assessment must be specifically related to the compromised
movement (i.e., the particular exercise that most consistently
induced the dystonic disorder), rather than to a more general
skill (e.g., [21, 31]). As Pujol and colleagues (2000) convinc-
ingly demonstrated in an fMRI study, a tailored assessment
of patients in the dystonia-inducing situation is necessary [8].

The aim of the present study was to test a multimethodo-
logical paradigm based on the combination of single-pulse
transcranial magnetic stimulation (spTMS), low-frequency
rTMS, and 3D motion analysis in a professional guitarist
affected by MD. Single pulses of TMS were used to assess
the excitability of synaptic connections within the motor cor-
tex, providing indirect measures of changes produced by
neural plasticity. In addition, TMS can also produce long-
term changes in excitability if the TMS pulses are applied

repetitively [27]. In both cases, changes in excitability were
monitored by computing the amplitude of the motor-
evoked potential (MEP) in response to a standard TMS pulse.
In particular, resting motor threshold MEPs reflect the
degree of corticospinal system activation and potentially help
in diagnosing motor symptoms and in monitoring treatment
progress (i.e., whether interventions are safe and effective in
slowing symptoms). Fine-grained 3D movement analysis
has been adopted to specifically evaluate the treatment both
in terms of improved motor coordination and cortical plas-
ticity. The acquisition of MEPs induced by spTMS to the left
M1 and recorded from the contralateral second dorsal inter-
osseous (SDI) muscle before and after five daily sessions of
rTMS protocol allowed to measure the variations on the rest-
ing motor threshold to obtain a physiological index of neural
plasticity. Moreover, we considered two behavioral measures
of performance plasticity: (i) a repetitive sequence of fingers’
movement (task 1) and (ii) a reach-to-grasp action (task 2).
Since guitar arpeggios involve a rapid succession of fine and
isolated finger movements, the finger flexion task was con-
ceived as a realistic attempt to execute the affected flexion
pattern. As concerns the grip task, it was specifically chosen
to investigate the distinct contribution of the two separate
reaching and grasping components [32] on performed
movements: the timing dissociation between these two
components may in fact give useful hints to the underlying
pathological state [33, 34]. Notably, problems to grasp and
manipulate objects are frequent in movement disorders and
a methodological approach providing highly standardized
measures of natural movements is needed [35]. The outputs
of both tasks were compared at local and general levels:
across daily sessions and throughout the intervention, to pro-
vide a consistent measure of plasticity trend.

2. Method

2.1. Participants. A 55-year-old male right-handed classical
guitarist (M.C.) diagnosed as suffering from MD in his right
hand was recruited at the Neuroscience of Movement
(NEMO) Laboratory at the Department of General Psychol-
ogy, University of Padua. He specifically presented a painless
and exaggerated involuntary flexion pattern in his right mid-
dle finger’s metacarpophalangeal joint, which occurred
exclusively in the task-specific context of playing the musical
instrument (i.e., plucking the strings). The loss of synergistic
muscle control was also evident as a cocontraction of adja-
cent muscles. The onset of the movement disorder had
been three years before this study and had forced him to
interrupt his career as a professional musician and especially
as a concert performer. He reported no dystonic movement
patterns in other activities. There was no evidence of any
other neurologic disorder and he was not under medication.
An additional guitarist served as control subject in this study.
He was right-handed with comparable experience (40 years
of practice) and age (50 years).

No adverse effects were reported during the experiment.
Informed consent was obtained after they were fully
informed, according to the Declaration of Helsinki, about
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the study’s nature. The experimental protocol was approved
by the University of Padua Ethics Review Board.

2.2. General Procedure. A daily protocol (Figure 1) entailing
two evaluation sessions (prestimulation) of kinematic and
resting motor threshold (rMT) baselines, followed by low-
frequency rTMS (stimulation) and kinematic and rMT tests
(poststimulation), was repeated for five consecutive days
and was designed as follows:

(1) Prestimulation kinematic baseline (KB). A series of
alternating finger flexion movements (i.e., the index,
middle, and ring fingers, 15 movements per finger;
task 1) with the palm upward and a sequence of 15
reach-to-grasp movements (task 2) were performed
to test independent movements of the dystonic finger
and motor coordination.

(2) Prestimulation neurophysiologic baseline (NB).
TMS-induced motor-evoked potentials (MEPs) were
recorded from the right second dorsal interosseous
(SDI) muscle to measure the rMT, thus assessing cor-
ticospinal excitability before intervention.

(3) Stimulation. The participant underwent 30 minutes
of rTMS (1Hz) over the SDI muscle representation
on the left primary motor cortex, delivered with
intensity of 90% with respect to the rMT.

(4) Poststimulation neurophysiologic test (NT). The
same procedure adopted during the prestimulation
NB session was implemented for comparison pur-
poses. We performed a trend analysis to evaluate
changes in motor cortex plasticity.

(5) Poststimulation kinematic test (KT). The same pro-
cedure adopted during preintervention KB session
was implemented for comparison purposes. We per-
formed a day-by-day analysis and we compared the
first and last day to evaluate both short- and long-
term effects in motor coordination.

2.3. Kinematics Recording. A 3D optoelectronic SMART-D
system (Bioengineering Technology and Systems, BTS) was

used to track the kinematics of the participants’ right
hand. During the KB and KT phases, the participants were
seated in a height-adjustable chair in front of a table
(900mm× 900mm) with the right hand placed on a desig-
nated position on the table surface so as to guarantee the con-
sistency of the start position across participants. Three
semispherical infrared-reflective markers (5mm diameter)
were attached to the right hand on the tip of the index,
middle, and ring fingers, and one was attached to the
radial aspect of the wrist. Six digital video cameras with a fre-
quency of 140Hz were placed in a semicircle around the table
(at 1–1.2m away) to detect the markers (see Figure 2(a)).
Before the experimental sessions, cameras position, roll
angle, focus, zoom, brightness, and threshold were adjusted
to optimize markers’ tracking. Static and dynamic calibra-
tions were then performed. For the static calibration, a
three-axis frame of reference at known distance was placed
on the center of the table. For the dynamic calibration, a
three-marker wand was moved in all directions throughout
the workspace of interest for approximately one minute.
The spatial resolution of the recording system was 0.3mm
over the field of view. The standard deviation (SD) of
the reconstruction error was below 0.2mm for all the axes
(x, y, and z).

During each daily session of the KB and KT phases, the
participants took part in two tasks:

(i) Task 1: A series of 45 randomly alternating finger
flexion movements of the index, middle, and ring
fingers (15 movements per finger) were performed
to test independent movements of the dystonic
and adjacent fingers. The participants’ right wrists
were placed over a wooden cylinder (7.5mm
diameter; 11 cm high) with the palm of the hand
facing upwards.

(ii) Task 2: In the prehension task, a sequence of 15
reach-to-grasp movements was performed to test
motor coordination. At the beginning of each trial,
the hand was pronated with the palm resting on a
starting platform (60× 70mm; 5mm thick), which
was shaped to allow for a comfortable and repeatable
posture of all digits, that is, slightly flexed at the

Daily experimental design

Kinematic baseline
(KB)

Neurophysiologic
baseline (NB)

Prestimulation Stimulation

Time

1 Hz rTMS
(30 min)

Task 1 Task 2

Neurophysiologic
test (NT)

Kinematic test
(KT)

Poststimulation

Task 1 Task 2rMT rMT

Figure 1: Daily experimental design for both MD patient and control participant. The graph represents the three daily phases of the
experiment: behavioral and neurophysiological indexes were measured both before (prestimulation) and after (poststimulation) each
stimulation session with low-frequency rTMS (1Hz) on the left M1 (stimulation). The kinematic behavioral assessment (KB and KT)
consisted of two tasks: finger abduction (task 1) and reach-to-grasp (task 2). In the neurophysiological assessment (NB and NT), the
resting motor threshold was measured to assess corticospinal excitability variations. This protocol was repeated for five consecutive days.
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metacarpal and proximal interphalangeal joints.
Then, the participants were asked to reach and grasp
the cylinder located frontally with a whole hand
grasp (WHG). The starting platform was attached
90mm away from the edge of the table surface
50mm away from the midsection. The cylinder was
placed on a target platform, located at a distance of
350mm from the starting platform, for consistent
replacing (Figure 2(a)). An affixed colored dot on
the cylinder was signaling the required thumb’s con-
tact point in order to perform stable and consistent
grasps across the experiment. An auditory signal
(300Hz; 200ms) was adopted as the “go” signal.

2.4. Transcranial Magnetic Stimulation and Electromyographic
Recording. During both the MB and the MT phases, each
participant was comfortably seated in an armchair with
the right hand positioned on a pillow and the head kept
stable by a neck pillow. The participant was asked to keep
his muscles relaxed and to remain as still as possible during
the delivery of the TMS pulses. While TMS pulses were deliv-
ered, he was asked to observe a white fixation cross on black
background presented in the center of a monitor. TMS-
induced MEPs were acquired from the participant’s SDI
muscle of the right hand (Figure 2(c)). EMG activity was
recorded through pairs of surface Ag-AgCl surface electrodes
(9mm diameter) placed in a belly-tendon montage, with the
active electrodes over the SDI muscle and the reference elec-
trodes over the corresponding metacarpophalangeal joint
(Figure 2(d)). The ground electrode was placed over the dor-
sal part of the right wrist. Electrodes were connected to an

isolable portable ExG input box linked to the main EMG
amplifier for signal transmission via a twin fiber optic
cable (Professional BrainAmp ExG MR, Munich, Germany).
Single-pulse TMS was administered using a 70mm figure-
of-eight coil connected to a Magstim Bistim2 stimulator
(Magstim Co., Whitland, UK). Pulses were delivered to the
hand region of the left M1. The coil was placed tangentially
on the scalp, with the handle pointing laterally and caudally,
so that the flow of induced electrical current in the brain trav-
elled in a posterior-anterior direction [36, 37]. During the
first session of the first day, the optimal cortical hotspot of
the target muscle (OSP; i.e., the position at which larger
and more stable MEPs are recorded from SDI with minimal
stimulation intensity) was identified by delivering single
TMS pulses at fixed intensity while moving the coil of
0.5 cm around the target area until the position was reached.
To maintain an accurate and constant placement of the
coil throughout the experimental sessions, it was kept over
the OSP by a mechanical arm (Manfrotto, Italy) and its
position and orientation were recorded and loaded into a
neuronavigation system (SofTaxic Optic, EMS, Bologna,
Italy; Figure 2(b)). Once the OSP was found, the individual
resting motor threshold (rMT)—defined as the lowest stimu-
lus intensity at which TMS is able to generate MEPs of at least
50μV in relaxed muscles in 5 out of 10 consecutive pulses
[38]—was determined. rMT was then measured every day
before and after the rTMS protocol to test possible variations
of corticospinal excitability. Repetitive TMS pulses were
applied using a Magstim Rapid2 stimulator (Magstim Co.,
Whitland, UK) with a figure-of-eight coil (70mm outer
diameter). Each rTMS session consisted of the application

Starting
platform

Target
platform

50 mm

35
0 m

m

Cylinder

TMS coil

1−1.2 m
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Y+
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SDI 
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Figure 2: Experiment setup. A 3D optoelectronic SMART-D system was used to track the kinematics of the participant’s right hand by means
of six video cameras (a). TMS coil placement over the participant’s left M1 hand area (b). Example of a TMS-evoked MEP (c). The targeted
second dorsal interosseous (SDI) muscle (d).
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of off-line, low-frequency 1Hz TMS for 30min (1800 total
pulses) at 90% of each participant’s rMT. Both spTMS and
rTMS were delivered on the side of the brain contralateral
to the participant’s dominant (and dystonia-affected) hand.

3. Data Analysis

3.1. Behavioral Measures. Following kinematic data collec-
tion, each trial was individually checked for correct marker
identification and then run through a low-pass Butterworth
filter with a 6Hz cutoff. The SMART-D Tracker software
package (Bioengineering Technology and Systems, BTS)
was employed to reconstruct the 3D marker positions as a
function of time. In task 1, the amplitude of maximum 3D
distance between the dystonic fingertip and adjacent fingers
(i.e., index and ring tips) was calculated as an index of abduc-
tion independence (AI). The amplitude of minimum distance
between the dystonic finger and wrist was calculated as an
index of abduction degree (AD) and compared to adjacent
fingers’ AD (see [21] for a similar approach). In task 2, we
selected a set of standard measures universally reported in
the literature for reach-to-grasp tasks, possibly enabling a
productive comparison of results across participants (MD;
control) and across experiments. We first computed move-
ment onset (i.e., the first time point at which the wrist veloc-
ity crossed a 5mm/sec threshold and remained above it for
longer than 100ms) and time of grip offset (i.e., the time at
which the grip velocity dropped below a 5mm/s threshold).
Then, the following indexes were measured:

(i) Movement time (i.e., the time interval between
onset and offset)

(ii) Maximum grip aperture (MGA, the maximum dis-
tance reached by the 3D coordinates of the thumb
and index finger)

(iii) Time of maximum grip aperture (TMGA, the time
at which the distance between the 3D coordinates
of the thumb and index finger was maximum from
movement onset)

(iv) Time of maximum grip velocity (TMGV, the time at
which the tangential velocity of the 3D coordinates
of the thumb and index finger was maximum from
movement onset)

(v) Time of maximum wrist height (TMWH, the time
at which the 3D coordinates of the wrist were max-
imum from movement onset)

(vi) Time of maximum wrist deceleration (TMWD, the
time at which the deceleration of the 3D coordinates
of the wrist was maximum from movement onset)

(vii) Delay grasping (DG, the time interval between
the onset of the wrist movement and the onset of
fingers’ opening)

3.2. Neurophysiological Measures. Motor threshold at rest
before (rMT pre) and after (rMT post) rTMS 1Hz stimula-
tion was evaluated in both MD and control participants.

3.3. Statistical Analyses. Behavioral data were analyzed using
the R 3.3.9 statistical package [39]. More specifically, data
were analyzed by means of an ad hoc function developed to
implement the computation of the Young C test statistics
[40]. This test, proposed by Young and Von Neumann, is
used to evaluate the presence of a trend into a sequence of
data collected on the same subject. It computes the probabil-
ity that a sequence of data points follows a random, nonor-
iented distribution. If this probability is low, then the
presence of some sort of either increasing or decreasing trend
in the data can be argued. More specifically, the C test statis-
tic is computed according to the following formula:

C = 1 − 〠N−1
i=1 xi − xi+1

2

2〠N−1
i=1 xi − x 2 , 1

where N is the number of observations; xi and x are the aver-
age values of the observations. The value of C tends to
increase as an inverse function of the ratio between the
squared difference of each data point to its subsequent and
the squared difference of each point to the mean. The smaller
the ratio, the higher the C, the higher the probability that the
data do follow some sort of oriented trend (Figure 3).

Given these premises, data analysis was carried out on the
two different tasks. More specifically, with respect to task 1, a
comparison between the trend of values obtained during the
first and the last day of training was carried out separately for
the data collected before (pre) and after (post) the adminis-
tration of the rTMS protocol. Moreover, an analysis of the
overall trend along all the five days of training was con-
ducted. This analysis was carried out separately for the pre-
and post-rTMS phases and for the variables measured in task
2. A pointwise difference (delta) between the values obtained
at the pre- and post-rTMS phases has been computed in
order to highlight the presence of any particular daily pat-
tern. As concerns motor threshold at rest, the presence of a
significant trend before (rMT pre) and after (rMT post)
rTMS 1Hz stimulation was evaluated by means of the test
C in both MD and control participants.

4. Results

4.1. Behavioral Plasticity

4.1.1. Task 1: Finger Flexion Task. The main reference point
of the analysis was the movement involving the middle fin-
ger. In the MD post phase, a significant increasing trend in
the distance between the dystonia-affected finger and the
index finger (AI) was observed on the first day of training
(C = 66; p < 01). The evaluation of the overall trend showed
that the measures collected throughout all the five days
followed a significantly increasing trend (C = 87; p < 01).
Reverse considerations can be referred to the pre-rTMS mea-
sures: a significantly increasing trend was not observed at the
first day of training (C = 20; n.s.); however, the data col-
lected the last day presented a significantly increasing
trend (C = 54; p < 05); the overall trend was significantly
increasing (C = 81; p < 01). Figure 4 shows the increasing
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trend of this measure during the five days of training both
at the pre-rTMS phase (a) and at the post-rTMS phase (b).

The same analysis conducted for the distance between the
middle finger and the ring finger shows slightly different
results. More specifically, while for the post measures the
trend observed on the first day was significant (post: C =
62; p < 01), the measures collected in the pre phase did
not show any trend (pre: C = 33; n.s.). Moreover, none of
the trends were significant in the last days of training (day
5; post: C = 40; n.s.; pre: C = 06 ; n s ). On the other hand,
both the overall trends resulted significant (post: C = 65;
p < 01; pre: C = 64; p < 01), showing an overall increase
of the distance between the two fingers throughout the proto-
col. As concerns the control conditions (i.e., flexion of the
adjacent fingers), no significantly increasing trend was
observed in the distance between the index finger and the
middle finger either at the first day of the training (pre: C =
30; n.s.; post: C = 37; n.s.) or at the last day (pre: C = 32;
n.s.; post: C = 33; n.s.) when the index finger was flexed.
Moreover, the overall analysis showed a significant trend in
the pre-rTMS phase (C = 57; p < 01) while no effect was
found in the post (C = 37; n.s.). The same results emerged
from the analysis of the distance between the index finger

and the ring finger when the former was flexed. More pre-
cisely no significant trend was observed neither at the first
day of the training phases (pre: C = 28; n.s.; post: C = 01;
n.s.) or at the last day of training (pre: C = 60; n.s.; post:
C = 03; n.s.). The overall analysis showed a significant trend
in the pre-TMS phase (C = 62; p < 01) while no effect was
found in the post (C = 37; n.s.). Finally, when the ring finger
was flexed only, some of the overall trends were significantly
increasing, namely, the distance between the ring finger and
the index finger in the pre-rTMS phase (C = 75; p < 01)
and the distance between the ring finger and the middle
finger in both phases (pre: C = 78; p < 01; post: C = 85;
p < 01). No significant overall trend was observed for the
distance between the ring finger and the index finger during
the post-rTMS phase (C = 40; n.s.). In terms of the middle
finger abduction degree, a significant decreasing trend
was observed the first day of training at the post-TMS phase
(C = 69; p < 01). Moreover, both the overall trends were
strong and significantly decreasing (pre: C = 71; p < 01;
post: C = 67; p < 01). For the index finger AD, no significant
trend was observed during the first day of training either at
the pre- or post-TMS phases; similarly, no significant trend
was observed the last day of the training. On the contrary,
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Figure 3: Graphical representation of the squared difference between (i) each data point and its subsequent value in the series (lined squares)
and (ii) each data point and the average of the series (dotted squares) in the case of an oriented trend (a) and in the case of stationary data (b).
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Figure 4: Graphical representation of the trend observed at the pre-rTMS (a) and post-rTMS (b) phases for the distance between the middle
and index fingers when the former was flexed.
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both the overall trends were significantly decreasing (pre:
C = 68; p < 01; post: C = 58; p < 01). Finally, only the
overall trends were significantly decreasing when consider-
ing the distance between the wrist and the ring finger (pre:
C = 82; p < 01; post: C = 84; p < 01). When considering
the control participant, data from day 1 were discarded
due to a technical problem. Results showed no significant
overall trend when the middle finger, the index finger,
and the ring finger were moved. Such stable trends were
observed in both the pre-TMS and post-TMS phases.

4.1.2. Task 2: Reach-to-Grasp Task. Several variables were
considered during task 2. For such variables, the analysis was
conducted by referring to the data collected throughout the
five days of training before (pre) and after (post) the TMS
stimulation. The results obtained from the selected kine-
matic variables in MD participant are reported as follows.

Movement time: A significantly decreasing trend was
observed for the measures collected both pre-rTMS stimula-
tion (C = 73; p < 01) and post-rTMS stimulation (C = 62;
p < 01).

Maximum grip aperture: A significantly increasing trend
was observed for the measures collected before the stimula-
tion (C = 64; p < 01). No significant trend was observed
for the measures collected after the rTMS (C = 30 ; n s ).

Time of maximum grip aperture: Two clearly and signif-
icantly decreasing trends were observed for this variable. The
first one involved the measures collected before the rTMS
(C = 79; p < 01), while the second one involved the mea-
sures collected after the stimulation (C = 62; p < 01).

Time to maximum grip velocity: A clearly significant
decreasing trend was observed for the data series collected
before the TMS (C = 72; p < 01). The trend observed for
the data series collected after the stimulation was significant,
although more noisy (C = 43; p < 01).

Time of maximum wrist height: A significantly decreas-
ing trend was observed at both the pre-rTMS (C = 74; p <
01) and the post-rTMS (C = 69; p < 01) phases.

Time of maximum wrist deceleration: With respect to
this variable, a significant although very noisy decreasing
trend was observed at both the pre-TMS measures (C = 49;
p < 01) and the post-TMS ones (C = 50; p < 01).

Delay grasping: A significant decreasing trend was
observed for this variable for the measures collected both
pre-rTMS stimulation (C = 57; p < 01) and post-rTMS
stimulation (C = 57; p < 01).

Figure 5 displays the trend of the pointwise delta com-
puted for the main variables measured in task 2. It is notice-
able the increase of the negative difference between the pre
and the post measures during the first day of training, while
an increase in the positive difference between the same values
is observed during the second day of training. After these
days, the difference tends to remain stable.

As concerns the control participant, no trend resulted
statistically significant (ps > 0 05). Figure 6 displays together
the trends for the MD patient and the control participant.
By the figure, it is clearly seen the difference of the two trends
in the movement time variable. Similar results were observed
for the remaining variables of task 2.

4.2. Neurophysiological Measures. No significant trend was
observed in motor threshold at rest before (rMT pre) and
after (rMT post) rTMS 1Hz stimulation for either the MD
(C = 07; n.s.; see Table 1) or the control (C = 17; n.s.; see
Table 1) participant.

5. Conclusions

We set out to investigate neural plasticity in a professional
guitarist affected by MD through a multimethodological par-
adigm. To this end, we combined spTMS, low-frequency
rTMS, and 3Dmotion analysis. Results showed that although
rTMS on M1 partially modulated resting motor threshold, a
systematic normalization of various kinematic indexes dur-
ing the 5-day treatment occurred for the MD participant.
In particular, as concerns abduction independence, a signifi-
cant increase in the distance between the dystonia-affected
finger and the index and ring fingers was observed on the first
day of training during the post-TMS session. The trend sig-
nificantly increased throughout the five days, showing an
overall increase of the distance between the fingers. These
data were further confirmed by the distance between the
affected finger and the wrist: a decreasing distance (abduction
degree) was observed both on the first day of training during
the post-TMS session and throughout the treatment’s period.
These results point to the presence of both a short-term and a
long-term trend in the affected finger and not to a general
effect of practice.

As regards the reach-to-grasp task, an increase in general
motor coordination was hypothesized for theMD participant
throughout the five days of training. No significant trend was
instead expected for the control participant, since there was
no room for improvement (ceiling effect). Results showed
an increase in motor coordination only for the MD partic-
ipant, as indexed by a significant decrease in the movement
time. In terms of the reaching component, the time of
maximum wrist height and the time of maximum wrist
deceleration were anticipated, in line with previous studies
demonstrating a significant anticipation when an object is
approached more carefully (e.g., [41, 42]). For the grasping
component, the amplitude of the maximum grip aperture
revealed an increasing pattern of accuracy—as indexed
by an appropriate finger scaling—throughout the 5-day
training. The time of maximum grip aperture, the time
of maximum grip velocity, and the delay grasping were
anticipated as well as for the reaching parameters, indicat-
ing a temporal coupling between the reaching and the
grasping components. These results are consistent with
human literature suggesting that task constraints can modu-
late the proximal and distal components of a coordinated
action. The failure to reduce variability as the target is being
approached calls for coordination strategies amongst compo-
nents, which might serve to partially dissipate errors [43].

An intriguing hypothesis points to a malfunctioning in
the parietal-premotor pathway of dystonic patients [44].
Parietal-premotor connections are specialized for specific
tasks, for example, reach-to-grasp movements, having sep-
arate pathways for each of the two components (i.e.,
reaching and grasping; [45]). Thus, a task-specific deficit
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could arise from the combination of excessive motor repeti-
tion of a particular task, together with disordered control
of neural plasticity in the pathway where that specific task
was learned [2]. Based on this hypothesis, we might sug-
gest that future behavioral interventions should be based
on restoring specific motor pathways through plasticity
processes [22].

Notably, an initial positive outcome was observed during
the post-TMS session of day 1, when all the parameters
jointly showed a significant improvement. This effect, how-
ever, was neutralized and reversed during the post-TMS
session of day 2, which was then followed by a stabiliza-
tion phase for the remaining three days. The convergent

oscillation of all these parameters seems to indicate that
rTMS inhibitory stimulation might be beneficial in the very
short term, but it provides a stable advantage only in the
course of a 5-day training. This result might suggest that it
takes many days of intervention to rebalance motor activity.

Overall, these results suggest that kinematic assessments
of abduction independence, abduction degree, and reaching
and grasping components are useful parameters for objective
quantification of MD before and after training. Moreover, the
reach-to-grasp task might allow studying situations similar to
those participants facing in their daily life motor activities.
This points to the effectiveness of assessing kinematics in
conjunction with individual clinical scores such as the Arm
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Figure 5: Pointwise delta between the measures, for the main variables of task 2, obtained at pre- and post-rTMS phases by the MD patient.
Parameters referring to the reaching component are listed on (a), (b), and (c), whereas parameters for the grasping component are displayed
on (d), (e), and (f).
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Dystonia Disability Scale (ADDS). Although they probe dif-
ferent aspects of motor impairment and might not correlate
with each other [46], they should both be used to supplement
the clinical diagnosis for monitoring the treatment and to
assess the effectiveness of rehabilitation.

In neural terms, no trend was observed when considering
rMT. This is a counterintuitive—though not rare—output.
Veugen and colleagues [47] recently found that inhibition
of the overactive dorsal premotor cortex partially recovered
dystonic symptomatology despite having no influence on
surround inhibition (i.e., the mechanism in the motor system
which focuses neuronal activity to select the execution of the
desired movement; [48]), as indexed by MEP sizes. In partic-
ular, stimulation improved writing performance in patients,

though there was no significant effect on rMT in either dys-
tonic or control participants.

In this respect, the study described here highlights the
importance of evaluating brain stimulation outcomes in amore
systematic way, beyond classical measures of neural plasticity
such as MEP size. The cause of MD is obscure, but a loss of
inhibition in the central nervous system and a loss of the nor-
mal regulation of plasticity are classically reported [49–51].
Plasticity generally refers to the ability of the nervous system
to change the effectiveness of transmission in neural circuits
[3]. An increase of sensory and motor finger representations
in musicians is usually described as an adaptive plastic change
to conform to the new needs. However, when this change
develops too far, brain plasticity might shift from a benefit to
a maladaptive mechanism [52]. On the basis of this abnormal
plasticity hypothesis, new treatment protocols have been
designed aimed at the redifferentiation of the disturbed hand
representations. Here, we propose a new procedure to investi-
gate affected muscle activations in individuals with neurologic
motor disorders after plastic changes induced by rTMS.

This line of intervention holds several advantages over
pharmacologic therapy (e.g., injections of botulinum toxin
into the intrinsic arm/hand muscles): It is safe and effective,
as demonstrated by kinematic analysis, and there is no risk
of impairing movement in adjacent fingers. Moreover, it
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Figure 6: MD and control participant trends on the movement time (task 2).

Table 1: Resting motor threshold variations throughout the five-
day protocol, before (rMT pre) and after (rMT post) the rTMS
1Hz stimulation at the 90 percent of the rMT.

Day 1 Day 2 Day 3 Day 4 Day 5

MD
rMT pre 43 43 43 44 44

rMT post 46 44 46 46 46

Control
rMT pre 43 50 44 52 42

rMT post 48 60 50 53 56
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can be applied to patients unresponsive to a variety of com-
monly used medical treatments. Noninvasive brain stimula-
tion can transiently normalize corticospinal excitability to
the affected muscles and can improve the degree of motor
coordination over time. Objective quantifications of this
treatment can be experimentally obtained with EMG and
3D movement analysis, paving the way for developing
novel evaluation tools to optimize therapeutic strategies
for motor disorders.

As the rehabilitation research in limb dystonia develops,
it will be relevant to investigate comparative effectiveness
of interventions to understand which approach holds the
most promise.

The present results could support three future research
aims:

(i) To develop an effective diagnostic tool based on
neurophysiologic and behavioral measures for
early identification of patients and for quantifying
changes in symptoms

(ii) To investigate how dystonia affects the parietal-
premotor pathway (reaching and grasping
components)

(iii) To determine the best frequency and duration
for interventions and after effects following
rehabilitation.

A limit of the present study is the small sample
adopted. However, according to Kimberley and colleagues
[23, 53], studies in this field should utilize robust small
n methodology such as single subject experimental design
studies with repeated measures that allows for detailed
analysis of within subject variability. Needless to say that
definitive statements cannot yet be made regarding efficacy
of this paradigm. Randomized controlled measurements are
essential for future studies to compare different outcomes
with similar frequency and duration.

Identifying the motor dynamics underlying this disorder
will be helpful for moving forward both in diagnosis and
in treatment, to optimize therapeutic outcomes. Since the
available medical approaches are only moderately effective,
preventing dystonia is just as much important.

We argue that an enhanced understanding of how neural
plasticity can be assessed in FDH affected patients will pro-
vide helpful insights for designing more effective patient-
tailored therapies based on noninvasive brain stimulation
and for evaluating different treatment approaches.
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Background. Increased activity in the lesioned hemisphere has been related to improved poststroke motor recovery. However, the
role of the dominant hemisphere—and its relationship to activity in the lesioned hemisphere—has not been widely explored.
Objective. Here, we examined whether the dominant hemisphere drives the lateralization of brain activity after stroke and
whether this changes based on if the lesioned hemisphere is the dominant hemisphere or not. Methods. We used fMRI to
compare cortical motor activity in the action observation network (AON), motor-related regions that are active both
during the observation and execution of an action, in 36 left hemisphere dominant individuals. Twelve individuals had
nondominant, right hemisphere stroke, twelve had dominant, left-hemisphere stroke, and twelve were healthy age-matched
controls. We previously found that individuals with left dominant stroke show greater ipsilesional activity during action
observation. Here, we examined if individuals with nondominant, right hemisphere stroke also showed greater lateralized
activity in the ipsilesional, right hemisphere or in the dominant, left hemisphere and compared these results with those of
individuals with dominant, left hemisphere stroke. Results. We found that individuals with right hemisphere stroke showed
greater activity in the dominant, left hemisphere, rather than the ipsilesional, right hemisphere. This left-lateralized pattern
matched that of individuals with left, dominant hemisphere stroke, and both stroke groups differed from the age-matched
control group. Conclusions. These findings suggest that action observation is lateralized to the dominant, rather than
ipsilesional, hemisphere, which may reflect an interaction between the lesioned hemisphere and the dominant hemisphere
in driving lateralization of brain activity after stroke. Hemispheric dominance and laterality should be carefully considered
when characterizing poststroke neural activity.

1. Introduction

Despite intensive research and clinical efforts, stroke
remains a leading cause of physical disability worldwide
[1], and there is an urgent need for improved poststroke
rehabilitation strategies. Many studies have suggested that
increased levels of activity in the ipsilesional hemisphere
after stroke are associated with enhanced recovery [2–4].
Functional magnetic resonance imaging (fMRI) studies in

individuals with stroke suggest that greater blood oxygen
level-dependent (BOLD) activity in the contralateral (ipsi-
lesional) hemisphere during a task with the impaired
upper limb—a pattern consistent with typical motor
control—is associated with better motor outcomes [4–6].
Poststroke therapeutic techniques have therefore aimed at
promoting motor recovery by increasing activity in the
ipsilesional hemisphere and decreasing activity in the con-
tralesional hemisphere [7–10]. However, poststroke motor
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outcomes using such approaches remain variable, suggest-
ing that other factors influence recovery beyond the level
of brain activity in the ipsilesional hemisphere.

One factor that has been largely overlooked in stroke
studies is the role of motor dominance relative to the lesioned
hemisphere. Studies often discuss findings related to the ipsi-
lesional or contralesional hemisphere, without distinguishing
whether the ipsilesional hemisphere is the dominant or non-
dominant hemisphere prior to stroke. However, whether
stroke occurs in the dominant or nondominant hemisphere
can impact recovery in multiple ways, including impacting
the pattern of brain activity achieved in poststroke therapy
[11–13]. Research has shown clear hemispheric differences
in the specialization of motor control, with differences in
the performance of motor actions after stroke related to the
lesioned hemisphere. Winstein and Pohl (1995) reported that
individuals with left hemisphere stroke showed deficits in
open-loop, motor planning aspects of movement, whereas
individuals with right hemisphere stroke showed deficits in
closed-loop, feedback-based aspects of movement [14].
Another study showed that in an arm-reaching task, individ-
uals with left hemisphere stroke had difficulty controlling the
direction of movement, whereas individuals with right hemi-
sphere stroke had a tendency to overshoot their targets [11].
These studies and others suggest that there is hemispheric
specialization in a distributed motor control scheme, where
the left hemisphere is responsible for optimizing and predict-
ing dynamic aspects of movement, and the right hemisphere
is responsible for movement accuracy and stability [15].
There are thus likely differences in task-related brain activity
depending on the dominance of the lesioned hemisphere.
Better understanding the relationship between motor domi-
nance, hemisphere of stroke, and brain activity is critical
because it could enable greater personalization of interven-
tions in stroke neurorehabilitation and allow us to better
understand the neural mechanisms underlying deficits
following stroke.

Here, we hypothesized that the motor dominant hemi-
sphere might in fact drive poststroke brain activity during
action observation more strongly than the side of the stroke
lesion. We specifically evaluated brain activity in the action
observation network (AON), as it is a brain network typically
engaged through both the observation and performance of
actions and is comprised of cortical motor regions in the pre-
motor and parietal cortices [16]. Importantly, activity in the
AON can be elicited simply through action observation, so
even individuals with moderate to severe upper arm paresis
can complete the task. Action observation therapy (AOT),
in which individuals with stroke observe another person per-
forming actions (e.g., through videos) before or during actual
physical practice of those actions, has been proposed as a way
to enhance the effects of occupational or physical therapy
[17–20]. Behavioral studies examining outcomes of AOT
with occupational or physical therapy showmodest improve-
ments in poststroke motor recovery when compared to tradi-
tional therapy alone [17–19, 21, 22]. Researchers hypothesize
that action observation may enhance plasticity in the same
motor pathways responsible for action execution [23]. The
AON has also been shown to be active during action

observation in individuals after stroke [24]. In particular,
activity in the AON was found to be lateralized to the ipsile-
sional, dominant hemisphere in individuals with motor
dominant, left hemisphere stroke who observed actions
being performed by the counterpart to their own paretic
right arm [24]. However, since the left hemisphere was
both the ipsilesional and motor dominant hemisphere, it
was not possible to distinguish whether action observation
drives activity in the ipsilesional hemisphere or in the motor
dominant hemisphere.

The present study was designed with a primary aim of
improving our understanding of the effects of motor
dominance versus side of lesion on AON activity in individ-
uals after stroke. We recruited individuals who were left
hemisphere dominant (right handed) prior to stroke and
had nondominant, right hemisphere stroke. Using the same
fMRI protocol as in the earlier AON stroke study [24], we
tested whether individuals with nondominant right hemi-
sphere stroke had greater AON activity during action
observation in the ipsilesional (right) hemisphere or in
the dominant (left) hemisphere. We compared these data
to the dominant left hemisphere stroke group and an
age-matched control group from the earlier study [24].
We predicted that if action observation drives activity in
the ipsilesional hemisphere, the right hemisphere stroke
group should show greater activity in the right hemisphere,
whereas if action observation drives activity in the motor
dominant hemisphere, the right hemisphere stroke group
should show greater activity in the left hemisphere.

2. Methods

2.1. Subjects. The current analysis included 36 individuals
who were right-handed (left hemisphere motor dominant)
as determined by the Edinburgh Handedness Inventory
[25]. There were 24 participants with chronic stroke and
moderate-to-severe upper extremity motor impairments
and 12 nondisabled, age-matched controls. Both the non-
disabled controls and 12 individuals with dominant left
hemisphere stroke were included in an earlier study [24].
In the current study, 12 additional individuals with non-
dominant right hemisphere stroke were recruited from
community centers. All participants gave informed consent
in accordance with institutional guidelines approved by
the University of Southern California Institutional Review
Board. All individuals were right handed (prior to stroke),
had normal or corrected-to-normal vision, and were safe
for MRI. Additional inclusion criteria for individuals with
stroke was chronic (>3 months since stroke onset), middle
cerebral artery stroke, with no prior history of stroke,
moderate-to-severe upper extremity impairment as deter-
mined by a phone screening form in which participants
indicated difficulty moving their hand or arm for func-
tional tasks, and no apraxia. For all participants, mean
age (including nondisabled controls) was 63± 13 years and
did not differ between groups (F 2, 33 = 0 94, p = 0 40).
For participants with stroke, average time since stroke was
80± 58 months and did not differ between right and left
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hemisphere stroke groups (t 22 = −0 17, p = 0 61). Stroke
characteristics are described in Table 1.

2.2. fMRI Data Acquisition. All scanning was completed on
the same 3T Siemens Trio MRI scanner at the University of
Southern California Dornsife Neuroimaging Center, using
the scan parameters and task as described in Garrison et al.
[24]. Functional images were acquired with a T2∗-weighted
gradient echo sequence (repetition time [TR]/echo time
TE = 2000/30ms, 37 slices, voxel size 3.5mm isotropic
voxels, and flip angle 90°); anatomical images were acquired
with a T1-weighted magnetization-prepared rapid gradient-
echo (MPRAGE) sequence (TR/TE = 2350/3 09ms, 208
1mm slices, 256× 256mm, and flip angle 10°).

The fMRI paradigm was a block design in which
participants either observed either videos of right hand
actions, videos of left hand actions, and images of a still
hand (control condition) or rested. For the action

observation conditions, videos depicted a mean-age-
matched nondisabled control actor grasp objects with
either their right hand or their left hand, as previously
described [24]. Actions were adapted from the Wolf
Motor Function Test (WMFT, Wolf et al. [26]) and
included (1) pick up pencil, (2) pick up paperclip, (3)
stack checkers, and (4) flip cards (see Supplementary
Figure S1 for an example). Each video was 3 s long, and
each block consisted of four videos shown in a
randomized order for a total block length of 12 s. The
control condition (observation of a still hand) was also
presented in 12 s blocks with 4 still images of either a
left or a right hand shown for 3 s each in a randomized
order. All blocks were repeated 15 times and randomized
across three 6-minute runs.

Participants were instructed to remain still and watch
the actions of the actor as they would be asked to imitate
each action after the scanning session. To ensure attention,

Table 1: Demographics of participants. Fugl-Meyer Assessment, Upper Extremity (FMA-UE; out of 66 points) and Wolf Motor Function
Test (WMFT; out of 5 points). Stroke location was characterized as either internal capsule only (IC) or internal capsule plus cerebral
cortex (C + IC). “–” indicates missing values.

Subject number FMA-UE WMFT Age (years) Sex Time since stroke (months) Location

Right hemisphere stroke

1 5 1 66 F 80 IC

2 17 1 65 F 22 IC

3 10 1 70 M 202 C+ IC

4 8 1 59 F 46 C+ IC

5 14 — 79 M 168 C+ IC

6 16 2 56 F 6 IC

7 18 1.5 52 M 67 IC

8 31 1 33 M 10 C+ IC

9 5 0 61 M 118 C+ IC

10 31 3.25 71 M 74 IC

11 5 0 65 M 48 IC

12 18 1.25 35 F 21 IC

Mean 14.83 1.18 59.33 5 F 71.83 7 IC

SDEV 9.09 0.90 13.81 62.43

Left hemisphere stroke

1 48 3.33 64 F 60 IC

2 13 0.5 64 F 180 C+ IC

3 46 3.25 55 M 48 IC

4 18 2 74 M 204 IC

5 40 2 39 M 24 IC

6 13 0.67 73 M 48 IC

7 31 2.5 85 F 96 IC

8 14 0.25 51 F 72 C+ IC

9 47 3.33 74 F 108 C+ IC

10 15 0.75 68 F 72 C+ IC

11 37 2.5 71 M 96 C+ IC

12 35 4 71 M 48 C+ IC

Mean 29.75 2.09 65.75 6 F 88.00 6 IC

SDEV 14.29 1.28 12.34 54.47
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participants were asked questions about the videos at the
end of each run (e.g., “In the last video you saw, which hand
did the actor use?”).

2.3. fMRI Analysis

2.3.1. Preprocessing and Analyses. Functional neuroimaging
data analysis was carried out using FEAT (FMRI Expert
Analysis Tool) Version 6, part of FSL (FMRIB’s Software
Library, http://www.fmrib.ox.ac.uk/fsl). Registration to
high-resolution structural and standard space images was
carried out using FLIRT [27, 28]. The following preprocess-
ing steps were applied: semimanual skull stripping of the
anatomical image using BET [29], motion correction using
MCFLIRT [27], automated nonbrain removal of the fMRI
data using BET [29], spatial smoothing using a Gaussian ker-
nel of FWHM 5mm, grand-mean intensity normalization of
the entire 4D dataset by a single multiplicative factor, and
high-pass temporal filtering (Gaussian-weighted least-
squares straight line fitting, with sigma = 50 s). For each sub-
ject, a time-series statistical analysis was carried out using
FILM GLM with local autocorrelation correction [30]. These
Z (Gaussianized T/F) statistic images were then thresholded
using clusters determined by Z > 3 1 and a (corrected) cluster
significance threshold of p < 0 05 [31]. A second-level analy-
sis for each subject was conducted, averaged across the three
runs, and carried out using a fixed-effects model by forcing
the random-effects variance to zero in FLAME (FMRIB’s
Local Analysis of Mixed Effects) [32–34]. At the group level,
analyses were completed using a mixed-effects model that
included both fixed effects and random effects from cross
session/subject variance in FLAME. Again, Z (Gaussianized
T/F) statistic images were then thresholded using clusters
determined by Z > 3 1 and a (corrected) cluster significance
threshold of p < 0 05. Whole brain analyses examined main
effects of right hand action observation, main effects of left
hand action observation, and contrasts of right hand action
observation versus left hand action observation and left hand
action observation versus right hand observation.

An additional aim of the current study was to directly
compare new data from the right hemisphere stroke group
to the data from the left hemisphere stroke group and
nondisabled control group from the earlier study [24]. In
order to do this, we reanalyzed all of the earlier data using
the preprocessing steps described above to ensure that the
same, up-to-date analysis techniques were used in all cohorts.

2.3.2. Region of Interest Analyses. A priori regions of interest
(ROIs) included regions of the human AON: inferior frontal
gyrus pars opercularis (IFGop) and pars triangularis (IFGtri),
the supramarginal gyrus (SMG), and the precentral gyrus
(PC) [35]. ROIs were defined anatomically using the
probabilistic Harvard-Oxford Atlas included in FSL, with a
probability threshold of greater than 25% applied for each
ROI. The percent signal change (% SC) within each ROI
was extracted for each task condition and each participant
using Featquery in FSL.

2.3.3. Laterality Index. A laterality index (LI) was calculated
to measure lateralization of brain activity during observation

of each hand (right, left) for each group (nondisabled control,
right hemisphere stroke, and left hemisphere stroke). LI was
calculated as the proportion of active voxels in the left versus
right ROI averaged across multiple thresholds [36, 37]. We
calculated LI using the proportion of active voxels, rather
than percent signal change, based on previous work suggest-
ing that this approach is more robust for lesioned brains
(Jansen et al. [37]). The cluster tool in FSL was used to set
the different threshold values (Z = 1 0, 1.5, 2.3); Fslstats was
used to determine the number of active voxels. LI was
calculated using the classic formula

LI =
lef t − right
lef t + right

1

at each Z-threshold for each ROI [37], where LI is equal to
left hemisphere activity minus right hemisphere activity
divided by left hemisphere activity plus right hemisphere
activity. The average of the three LIs at different Z-values
was then calculated. LI scores range from +1 (all left hemi-
sphere activation only) to −1 (all right hemisphere activation
only) and were categorized as either bilateral (∣LI∣ ≤ 0 1),
hemisphere dominant (0 1 < ∣LI∣ < 0 2), or hemisphere later-
alized (∣LI∣ ≥ 0 2) [37]. Following previous work, the LI and
standard error of the mean (SEM) are reported [24]. The
complete LI values for each group at each threshold/ROI
can be found in Supplementary Table 5 and for each individual
at each threshold/ROI in Supplementary Tables 6–9.

2.3.4. ROI-Based Task by Hemisphere by Group Interactions.
A three-way ANOVAwas carried out in SPSS 22 (IBMCorp.,
Armonk, NY, USA) to determine the effects of hand observed
(right, left), hemisphere of activity (right, left), and group
(nondisabled control, right hemisphere stroke, and left
hemisphere stroke) for each of our four regions of interest.
We applied a Bonferroni correction for multiple compari-
sons. We also report any significant two-way interactions
within the ANOVAs and subsequently tested for simple
main effects where appropriate.

2.3.5. Lesion Analyses. Lesions were manually drawn by a
trained research assistant following a detailed lesion tracing
protocol [38, 39] using MRIcron [40]. Lesion masks were
then smoothed using a 2mm Gaussian kernel. For each
subject, a small mask was manually created in the healthy
white matter tissue of the contralesional hemisphere. The
white matter mask was used to determine the mean and
standard deviation of healthy white matter voxel intensities
within each subject’s anatomical image using fslstats. Each
subject’s anatomical image was then thresholded at one
standard deviation away from the mean white matter inten-
sity, such that voxels with a signal intensity within or above
the normal range would be excluded from the final lesion
mask. Finally, the volume of the lesion was calculated using
fslstats. An independent-sample t-test was conducted to
compare lesion size between the right hemisphere stroke
group and the left hemisphere stroke group. For each ROI,
Pearson product-moment correlations were tested between
lesion size and LI for that ROI, for each stroke group.
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2.3.6. Percent of Lesion Overlap with ROIs. To examine the
percent of lesion overlap with each ROI, each individual’s
binarized lesion mask was normalized to standard space
and masked with each ROI using fslmaths. The number of
voxels in the overlapping area was obtained using fslstats.
The number of voxels in the overlapping area was then
divided by the total number of voxels within the ROI to cal-
culate the percent of overlap between the lesion and the ROI
for each subject.

2.4. Behavioral Assessments. Immediately after the scanning
session, participants completed a series of behavioral assess-
ments. Due to the small sample size, behavioral correlations
with fMRI data were used as secondary, exploratory analyses.
Participants were administered the Wolf Motor Function
Test (WMFT) to test the function of the upper extremity in
the motor domain [26]. Performance on the WMFT was
videotaped and scored by a trained, blinded research
assistant for a Functional Ability Scale (FAS) score, ranging
from 0 to 5, where 0=does not attempt movement and
5=movement is normal. Individuals were also assessed with
the Fugl-Meyer Assessment, Upper Extremity (FMA-UE)
[41], a measure of poststroke motor impairment. Behavioral
assessments were performed by graduate research assistants
who were trained in the administration of both the WMFT
and FMA-UE assessments.

For each ROI, Spearman’s rho correlations were tested
between ROI activity and motor scores for the WMFT and
FMA-UE (both categorical variables) in SPSS 22. We note
that these results are exploratory and report results, noting
that correcting for multiple comparisons across ROIs results
in a corrected p value of p = 0 00625 (p = 0 05 divided by
8 comparisons).

3. Results

In the current study, we aimed to understand whether indi-
viduals with nondominant right hemisphere stroke showed
greater ipsilesional right hemisphere activity or greater motor
dominant left hemisphere activity during action observation.
In order to better generalize our findings, we also compared
the nondominant right hemisphere stroke group with a
dominant left hemisphere stroke group and a nondisabled
control group from our earlier study [24].

3.1. Between-Group Behavioral Comparisons. Individuals
with right hemisphere stroke had significantly lower Fugl-
Meyer scores than individuals with left hemisphere stroke
had (t 22 = −0 67, p = 0 02), indicating greater poststroke
motor impairments of the upper extremity in the right
hemisphere stroke group. Fugl-Meyer scores are reported in
Table 1. Similarly, on the WMFT, individuals with right
hemisphere stroke showed a trend towards lower FAS scores
(t 21 = 1 94, p = 0 06) than did individuals with left
hemisphere stroke, again indicating poorer motor perfor-
mance. WMFT scores are reported in Table 1, along with
all participant demographics.

3.2. Whole-Brain fMRI Analyses.Notably, overall, patterns of
brain activity during right and left hand action observation

were similar between right and left hemisphere stroke
groups, despite the groups having motor impairments in
opposite hands. Contrasts of right versus left hand action
observation, and vice versa, showed similar patterns in
the stroke groups and a different pattern in the nondis-
abled group.

3.2.1. Right Hemisphere Stroke Group. For the right
hemisphere stroke group, during right (corresponding to
nonparetic) hand action observation, activity was found in
the left premotor cortex, bilateral precentral gyri, bilateral
superior parietal lobules, and bilateral occipital cortices,
among other areas (Figure 1; Supplementary Table 1).
During left (corresponding to paretic) hand action observation,
activity was again found in the left supramarginal gyrus,
bilateral precentral gyri, bilateral superior parietal lobules,
and bilateral occipital cortices (Figure 1; Supplementary
Table 2).

Comparing right and left hand action observation
directly revealed the following: Right versus left hand action
observation recruited greater activity in the left postcentral
gyrus and superior parietal lobule and the right occipital pole.
Left versus right hand action observation more strongly
activated the right occipital pole and intracalcarine cortex
(Figure 2; Supplementary Tables 3–4).

3.2.2. Left Hemisphere Stroke Group. Despite our reanalysis
using a more stringent threshold, for the left hemisphere
stroke group, we find results consistent with the findings
reported in Garrison et al. [24]. During right (corresponding
to paretic) hand action observation, activity was found in
the left premotor cortex, bilateral precentral gyri, bilateral
supramarginal gyri, and bilateral occipital cortices, among
other areas, with greater activity in the left hemisphere
(Figure 1; Supplementary Table 1).

During left (corresponding to nonparetic) hand action
observation, a sparser pattern of activity was found in the left
supramarginal gyrus, bilateral precentral gyri, bilateral supe-
rior parietal lobules, and bilateral occipital cortices among
other areas (Figure 1; Supplementary Table 2).

Comparing right and left hand action observation
directly revealed the following: Right versus left hand action
observation recruited greater activity in left precentral gyrus
and left postcentral gyrus. Left versus right hand action
observation recruited greater activity in right occipital and
occipitotemporal regions (Figure 2; Supplementary Figure S2;
Supplementary Tables 3–4).

3.2.3. Nondisabled Control Group. Again, consistent with the
findings reported in Garrison et al. [24] for the nondisabled
control group, during right (dominant) hand action observa-
tion, activity was found in the right inferior frontal gyrus,
right dorsal premotor cortex, right precentral gyrus, bilateral
postcentral gyri, bilateral parietal cortices, and bilateral
occipital cortices (Figure 3; Supplementary Table 1).

During left (nondominant) hand action observation, there
was a similar pattern of activity, with activation in the right
inferior frontal gyrus, right dorsal premotor cortex, bilateral
precentral gyri, bilateral postcentral gyri, bilateral parietal
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cortices, and bilateral occipital cortices, as well as the right
posterior superior temporal sulcus at the temporoparietal
junction (Figure 3; Supplementary Table 2).

Comparing right and left hand action observation
directly revealed the following: Right versus left hand
action observation revealed no significant activity (Figure 4;
Supplementary Table 3). In contrast, left versus right hand
action observation recruited more activity in the right
hemisphere, particularly in the right postcentral gyrus, right
superior parietal lobule, and right occipital cortex (Figure 4;
Supplementary Table 4).

3.2.4. Interim Summary.Whole brain patterns in both stroke
groups primarily showed greater left hemisphere activity
during right hand action observation, while whole brain pat-
terns in nondisabled controls were largely right lateralized
during left hand action observation. Results here were
reported at a relatively stringent threshold of Z > 3 1, cluster
corrected at p < 0 05. Given our smaller group sample sizes
and heterogeneity of lesion locations, we also wished to
visualize this data at a more lenient threshold (Z > 2 3, cluster
corrected at p < 0 05) to examine whether these laterality
trends expanded. At this more lenient threshold, we
found the same laterality patterns reported above, but
they were extended to much wider regions of the AON (see
Supplementary Figure S2).

3.3. Laterality Index. LI scores range from +1 (all left
hemisphere activation only) to −1 (all right hemisphere
activation only) and are typically categorized as either
bilateral (∣LI∣ ≤ 0 1), hemisphere dominant (0 1 < ∣LI∣ < 0 2),
or hemisphere lateralized (∣LI∣ ≥ 0 2; Jansen et al. [37]). Par-
ticipants in both the right and left hemisphere stroke groups
demonstrated a left hemisphere dominant/lateralized pattern
of activation across ROIs during right hand action observa-
tion, independently of which limb was affected by stroke
(Figure 5; Supplementary Tables 5–9). For participants with
right hemisphere stroke, LI values were as follows: inferior
frontal gyrus pars opercularis (LI = 0 33, SEM = 0 17), pars
triangularis (LI = 0 16, SEM = 0 19), precentral gyrus (LI =
0 22, SEM = 0 09), and supramarginal gyrus (LI = 0 40, SE
M = 0 08). For participants with left hemisphere stroke, LI
values were as follows: inferior frontal gyrus pars
opercularis (LI = 0 28, SEM = 0 17), pars triangularis (LI =
0 24, SEM = 0 21), precentral gyrus (LI = 0 15, SEM = 0 08),
and supramarginal gyrus (LI = 0 32, SEM = 0 12).

Participants in both the right and left hemisphere
stroke groups demonstrated a largely bilateral pattern of
activation in most ROIs during left hand action observa-
tion, independent of the limb that was affected by stroke
(Figure 5; Supplementary Tables 5–9). Participants with
right hemisphere stroke showed bilateral results in the
inferior frontal gyrus pars opercularis (LI = −0 10, SEM =

RHAO

LHAO

Le� hemisphere stroke
Right hemisphere stroke

L R

Figure 1: Whole brain activity during right and left action observation for individuals with stroke. While both stroke groups show bilateral
activity during right and left hand action observation, activity in the left hemisphere was more extensive regardless of hemisphere of lesion.
Top: right hand action observation (RHAO), bottom: left hand action observation (LHAO). Participants with left hemisphere stroke are
represented in blue; participants with right hemisphere stroke are represented in red. Overlap between stroke groups is represented in
purple. Thresholded at Z > 3 1, corrected for multiple comparisons at p < 0 05.
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0 19), inferior frontal gyrus pars triangularis (LI = −0 08,
SEM = 0 22), right hemisphere lateralization in the
precentral gyrus (LI = −0 17, SEM = 0 10), and left
hemisphere dominant in the supramarginal gyrus (LI =
0 21, SEM = 0 17). Participants with left hemisphere
stroke showed bilateral results in the inferior frontal
gyrus pars opercularis (LI = −0 05, SEM = 0 18), pars
triangularis (LI = 0 01, SEM = 0 22), and supramarginal
gyrus (LI = 0 07, SEM = 0 14) and right hemisphere
lateralization in the precentral gyrus (LI = −0 23, SEM =
0 10; Figure 5; Supplementary Tables 5–9). We note that
one difference in the LI pattern between stroke groups
was that for the right hemisphere stroke group, activity
in the supramarginal gyrus was left hemisphere
dominant compared to bilateral in the left hemisphere
stroke group.

For the nondisabled control group, regions in the AON
demonstrated either right hemisphere dominant/lateralized
or bilateral activity during both right and left hand action
observation (Figure 5; Supplementary Tables 5–9). For right
hand action observation, LI values are as follows: inferior
frontal gyrus pars opercularis (LI = −0 15, SEM = 0 17),
pars triangularis (LI = −0 21, SEM = 0 18), precentral gyrus
(LI = −0 08, SEM = 0 11), and supramarginal gyrus (LI =
−0 07, SEM = 0 14). For left hand action observation, LI
values are as follows: inferior frontal gyrus pars opercularis

(LI = −0 17, SEM = 0 14), pars triangularis (LI = −0 11, SE
M = 0 12), precentral gyrus (LI = −0 15, SEM = 0 04), and
supramarginal gyrus (LI = 0 05, SEM = 0 09). Importantly,
the laterality patterns seen in the nondisabled control
group, particularly for right hand action observation, differ
from those of the two stroke groups.

3.4. Task by Hemisphere by Group Interactions in
ROI Activity

3.4.1. Right Hemisphere Stroke Group versus Nondisabled
Controls. No three-way interactions were found between
group (nondisabled control, right hemisphere stroke), hand
observed (right, left), and hemisphere of activity (right, left)
for any ROI. A significant two-way interaction was found
for group (nondisabled control versus right hemisphere
stroke) and hemisphere of activity (right, left) in the supra-
marginal gyrus (F 1, 22 = 7 17, p = 0 01, partial η2 = 0 25;
Bonferroni-corrected p value: p = 0 04). We then tested for
simple main effects. For hemisphere of activity, there was a
statistically significant difference between the left and right
SMG in the right hemisphere stroke group (F 1, 23 =
13 14, p = 0 001, partial η2 = 0 36), with greater activity in
the left compared to right hemisphere (mean± standard
deviation reported for all analyses; left hemisphere: 0.20±
0.16, right hemisphere: 0.10± 0.19). There were no

RHAO > LHAO

LHAO>RHAO

Le� hemisphere stroke
Right hemisphere stroke

L R

Figure 2: Whole brain activity contrasted between right and left action observation for individuals with stroke. Top: right hand action
observation (RHAO) compared to left hand action observation (LHAO), bottom: Left hand action observation (LHAO) compared to right
hand action observation (RHAO). Participants with left hemisphere stroke are represented in cool colors (blue); participants with right
hemisphere stroke are represented in warm colors (red). Overlap between stroke groups is represented in purple. Thresholded at Z > 3 1,
corrected for multiple comparisons at p < 0 05.
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Figure 3: Whole brain activity during right and left action observation for the nondisabled control group. Unlike the two stroke groups, the
nondisabled group did not show greater activity on the left hemisphere during right and left hand action observation. Top: right hand action
observation (RHAO), bottom: left hand action observation (LHAO). Thresholded at Z > 3 1, corrected for multiple comparisons at p < 0 05.

L R
RHAO > LHAO

LHAO > RHAO 

3.5 4.0 4.5 5.0

Figure 4: Whole brain activity contrasted between right and left action observation for the nondisabled control group. Top: right hand action
observation (RHAO) compared to left hand action observation (LHAO), bottom: left hand action observation (LHAO) compared to right
hand action observation (RHAO). Thresholded at Z > 3 1, corrected for multiple comparisons at p < 0 05.
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differences in left and right SMG activity in the ND group
(F 1, 23 = 2 35, p = 0 14). For group, there was a statisti-
cally significant difference between groups in the right
SMG (F 1, 46 = 6 60, p = 0 01, partial η2 = 0 13), with
greater activity for the nondisabled control group compared
to the right hemisphere stroke group (nondisabled controls:
0.24± 0.19; right hemisphere stroke: 0.10± 0.19). No differ-
ences in activity were found between ND and RHS groups
in the left SMG (F 1, 46 = 0 04, p = 0 85). Put together, this
suggests that the nondisabled control group had more activ-
ity in the right compared left supramarginal gyrus, whereas
the right hemisphere stroke group had more activity in the
left compared to right supramarginal gyrus.

A significant two-way interaction was also found for the
hemisphere of activity (right, left) and side of hand observed
(right, left) in the precentral gyrus (F 1, 22 = 14 78, p =
0 001, partial η2 = 0 40; Bonferroni-corrected p value: p =
0 004). We then tested for simple main effects. We did not
find a simple main effect for hand observed (i.e., no difference
in activity between right and left hand observation for either
hemisphere (right hemisphere: F 1, 23 = 0 19, p = 0 67; left
hemisphere: F 1, 23 = 3 15, p = 0 09)). We found a simple
main effect of hemisphere of activity during right hand action
observation, with greater activity in the left versus right
precentral gyrus (F 1, 23 = 7 3, p = 0 01; left hemisphere:
0.09± 1.5, right hemisphere: 0.04± 0.13). Put another way,
for both groups, during right hand action observation,
activity was greater in the left precentral gyrus.

3.4.2. Right versus Left Hemisphere Stroke Group. We then
compared the two stroke groups to one another directly.
No three-way interactions were found between the side
of the stroke (right, left), hand observed (right, left), and
hemisphere of activity (right, left) in any ROI. A significant
two-way interaction was found between the hemisphere of
activity (right, left) and hand observed (right, left) in the pre-
central gyrus (F 1, 22 = 18 73, p < 0 001, partial η2 = 0 46;
Bonferroni-corrected p value: p < 0 004); this same interac-
tion was also marginally significant in the inferior frontal
gyrus pars opercularis after correcting for multiple

comparisons (F 1 , 22 = 5 74, p = 0 025, partial η2 = 0 21;
Bonferroni-corrected p value: p = 0 1). We then tested
for simple main effects for each interaction. In the precentral
gyrus, for effect of hand observed, there was a statistically
significant difference in the left precentral gyrus, with greater
activity during right hand action observation than during
left hand action observation (F 1, 23 = 13 78, p = 0 001;
partial η2 = 0 38; left hand action observation: 0.01± 0.10,
right hand action observation: 0.08± 0.11). There was no
statistically significant main effect in the right precentral
gyrus (F 1, 23 = 0 37, p = 0 55). For simple main effect
of hemisphere of activity, there was a statistically significant
difference during right hand action observation (F 1, 23 =
11 27, p = 0 003, partial η2 = 0 33), with greater activity in
the left compared to right precentral gyrus (left hemisphere:
0.08± 0.11, right hemisphere: 0.03± 0.13). There were no
significant simple main effects for hemisphere during left
hand action observation (F 1, 23 = 3 14, p = 0 09).

For the inferior frontal gyrus pars opercularis, we
found a similar simple main effect for hand observed in
the left hemisphere with greater activity during right hand
action observation compared to left hand action observa-
tion (F 1, 23 = 8 1, p = 0 009, partial η2 = 0 26; right hand
action observation: 0.08± 0.14, left hand action observa-
tion: 0.02± 0.14). There were no simple main effects for
hand observed in the right hemisphere (F 1, 23 = 0 002,
p = 0 97) and no simple main effects for hemisphere
during either right hand action observation (F 1, 23 = 2 07,
p = 0 16) or left hand action observation (F 1, 23 = 1 17,
p = 0 29). Overall, these results suggest there was more left
hemisphere activity during right hand action observation
for both stroke groups. Both stroke groups showed similar
hemispheres by hand observed interactions, with brain
activity lateralized toward the left motor dominant hemi-
sphere, despite having lesions in different hemispheres.

3.5. Lesion Analyses

3.5.1. Lesion Volume Compared between Groups. No
significant difference in lesion size was found between the
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Figure 5: Laterality index in regions of interest. Left: nondisabled participants, middle: participants with left hemisphere stroke, right:
participants with right hemisphere stroke; each during left hand (blue) and right hand (red) action observation; in the inferior frontal
gyrus pars opercularis (IFG-Op), inferior frontal gyrus pars triangularis (IFG-Tri), supramarginal gyrus (SMG), and precentral gyrus
(Precentral). ∗p < 0 05. Positive values indicate left hemisphere laterality; negative values indicate right hemisphere laterality.
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right hemisphere stroke group (M = 35593 08mm3, SD =
55942 81) and the left hemisphere stroke group (M =
23196 64mm3, SD = 33296 69; t 22 = −0 660, p = 0 52).
This suggests that, despite varying lesion sizes across
individuals, reported results were not driven by a difference
in overall lesion size between groups. Lesion overlap maps
can be found in Supplementary Material Figures S3–S7.

3.5.2. ROI-Lesion Overlap. Overlap between the individual
lesions and the AON ROIs (measured as greater than 5%
overlap) occurred in only 4 of the individuals in the left
hemisphere stroke group and 3 of the individuals in the right
hemisphere stroke group. While we had considered also
examining the relationship between lesion overlap and
laterality index, to examine whether lesion overlap with
critical AON regions influenced laterality results, the result-
ing sample of individuals with lesion overlap was too limited
to make an accurate calculation.

3.6. Brain Behavior Analyses. Finally, as an exploratory
analysis, we examined correlations between ROI activity
and motor scores.

3.6.1. Correlations between ROI Activity and WMFT FAS
Scores. For participants with right hemisphere stroke, there
were no significant correlations between WMFT motor
scores and ROI activity. For participants with left hemisphere
stroke, nonsignificant trends showing negative correlations
between WMFT scores and ROI activity during right hand
action observation were found in the inferior frontal gyrus,
pars opercularis (ρ = −0 51, p = 0 091), and pars triangularis
(ρ = −0 534, p = 0 074). In addition, trends in negative corre-
lations between WFMT scores and ROI activity during left
hand action observation were found in the right inferior
frontal gyrus (ρ = −0 545, p = 0 067) and precentral gyrus
(ρ = −0 517, p = 0 085). Notably, however, none of these
relationships meets the significance threshold after correcting
for multiple comparisons (p = 0 00625).

3.6.2. Correlations between ROI Activity and Fugl-Meyer
Scores. For participants with right hemisphere stroke, no
significant correlations were found between Fugl-Meyer
scores and ROI activity. For participants with left hemisphere
stroke, activity in the right precentral gyrus during right hand
action observation demonstrated a trend towards a negative
correlation with Fugl-Meyer scores (ρ = −0 53, p = 0 077),
although this again was not significant.

4. Discussion

In this study, our primary aim was to examine whether
cortical motor activity in the action observation network
was lateralized more towards the ipsilesional hemisphere or
the motor dominant hemisphere during action observation
after a stroke. In both individuals with nondominant right
hemisphere stroke and individuals with dominant left
hemisphere stroke, AON activity was lateralized toward the
left motor dominant hemisphere. There were no significant
differences in the lateralization of AON activity between the
two stroke groups, despite having lesions in different

hemispheres. These results suggest that action observation
after stroke may drive greater activity in the motor dominant
rather than the ipsilesional hemisphere, at least in our sample
of individuals who were right-handed prior to stroke. These
findings also differed from our nondisabled control group,
in which AON activity was either bilateral or slightly
lateralized toward the right nondominant hemisphere.

As mentioned in the Introduction, hemispheric speciali-
zation could be an underlying cause of these results in stroke
patients. That is, greater AON activity in the dominant left
hemisphere may reflect hard-wired properties of the left
hemisphere for motor control such as left hemisphere
specialization for motor planning, and by extension, action
observation, compared to the right hemisphere, regardless
of which hemisphere is affected after stroke. This may mean
that the motor dominant hemisphere may also play a role in
the effectiveness of action observation therapy. While not
tested here, it is possible that driving activity in the motor
dominant hemisphere via action observation could help to
promote motor recovery after stroke. Future studies could
examine whether dominant hemisphere activation during
action observation relates to changes in motor recovery
following poststroke action observation therapy.

In addition, previous work has shown that the motor
dominant hemisphere has greater descending motor
pathways than the nondominant hemisphere has [42, 43].
Additionally, the typically motor dominant left precentral
gyrus receives inputs from both the contralateral and ipsilat-
eral hand, whereas the nondominant right precentral gyrus
receives the majority of inputs solely from the contralateral
left hand [44]. After a stroke, this imbalance in motor
pathways may be accentuated to more strongly engage
left-lateralized activity during right hand action observation
and bilateral activity during left hand action observation.
Likewise, individuals with dominant left hemisphere stroke
have been shown to experience some motor deficits in both
hands, whereas those with right hemisphere stroke typically
only experience motor deficits in the contralateral left hand
[45]. Again, while it remains to be tested in a future study,
it is possible that individuals with nondominant right
hemisphere stroke are able to continue to use their dominant
(nonparetic) hand, and individuals with dominant left
hemisphere stroke may place more emphasis on using their
dominant (paretic) hand in spite of its impairments.
Therefore, both groups may place greater emphasis on the
dominant hand when asked to observe and later imitate
actions, explaining the greater activation in the dominant left
hemisphere in both groups.

Based on this logic, we might expect individuals with
nondominant hand paresis to experience poorer motor
recovery due to the ability to rely on the nonparetic dominant
hand. Although results across studies vary, there is indeed
evidence that individuals with right hemisphere stroke show
poorer motor recovery of the affected nondominant left hand
than those with left hemisphere stroke and an affected
dominant right hand [46, 47]. Related, a limitation of the cur-
rent study is the fact that the nondominant right hemisphere
stroke group also had greater motor impairments (lower
Fugl-Meyer and Wolf Motor Function Test scores) of the
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affected hand than the dominant left hemisphere stroke
group, despite both groups falling within the eligibility range
of moderate-to-severe motor impairments and having no
differences in lesion volumes. While this may be reflective
of trends in the general stroke population, this difference
does introduce a potential confound, as the level of impair-
ment could also drive patterns of cortical activity. However,
importantly, there was no significant relationship between
the level of impairment and brain activity within the right
hemisphere stroke group, suggesting that the level of impair-
ment for individuals with right hemisphere stroke does not
influence AON activity. Given the small sample size, we
further visually inspected the subject-level correlation data
between brain activity and motor impairment, in case there
were potential trends that were not significant. However,
there were no relationships or trends between level of motor
impairment and brain activity across this sample, such that
individuals with less severe stroke did not show any differ-
ences in laterality index than individuals with more severe
stroke. This suggests that between-group differences in level
of motor impairment did not drive these left-lateralized
results. Regardless, further research with a larger sample of
nondominant, right hemisphere stroke patients, with a wider
range from mild to severe impairments, is needed to confirm
these findings.

In addition, although both right and left hemisphere
stroke groups had stronger activations in the left hemisphere
during action observation, it should be noted that there was
still significant activity observed in the right hemisphere in
all groups, including the two stroke groups (see Figure 1;
Tables S1 and S2). General whole brain activity during action
observation was bilateral for all groups, and the lateralization
results emerged primarily when examining the laterality
index, which calculates a ratio of left to right hemisphere
activity. Thus, while we emphasize the role of the dominant
left hemisphere because AON activity examined using the
laterality index calculation was lateralized to the dominant
left hemisphere more in both stroke groups compared to the
control group, there is likely also a role of right hemisphere
activity for all groups during action observation.

Finally, in line with this, we note that the healthy,
age-matched control group showed bilateral or slightly
right-lateralized activity. Although this is in line with many
previous studies showing that AON activity in healthy
right-handed individuals is typically bilateral [35, 48, 49],
a previous study specifically examining the laterality index
in healthy individuals showed left-lateralized AON pat-
terns [50]. In reconciling our current findings with the
previous literature, we first note that in that study, the
laterality index was performed on entire lobes (e.g., LI of
the frontal lobe was left-lateralized) whereas here we
calculated the LI within specific AON nodes. This specific-
ity may have affected results. In addition, a primary factor
that may contribute to these disparate results is age. The
previous study examining the laterality index of the
AON in healthy individuals used healthy younger adults,
while in our study, we used healthy older adults (age-
matched to our stroke population). Research has shown
that older adults typically recruit additional and broader

regions of the AON compared to younger adults [51–54].
While further research is needed to specifically examine the
laterality of the AON in healthy younger versus older adults,
it is possible that our healthy older adult control group shows
more bilateral or slightly right-lateralized AON activity,
instead of left-lateralized AON activity, due to age-related
changes in the AON.

4.1. Limitations and Future Directions. Our results support
the idea that hemispheric dominance affects patterns of
neural activity induced by action observation after stroke.
While the current sample size was small (12 participants
per group), both right and left hemisphere stroke groups
(24 participants in total) showed similar patterns of left-
lateralized AON activity during observation of right hand
actions and bilateral AON activity during observation of left
hand actions, which was different from nondisabled individ-
uals. However, as noted in the Discussion, the functional
abilities of the two groups were significantly different.
Notably, we did not find a relationship between the level of
impairment and lateralization of AON activity within the
right hemisphere group, suggesting that the differing
functional levels were not associated with different brain
activation patterns. However, we acknowledge that this
group difference still provides a possible confounding factor
as previous work has shown that degree of motor severity
influences cortical recruitment [55]. In addition, previous
work has shown that patients with greater corticospinal tract
(CST) damage also show greater recruitment of cortical areas
[56, 57]. Although lesion volumes were similar between
groups, the current study did not specifically examine over-
lap of the lesion with the CST. Thus, a replication of these
patterns in a larger, more diverse sample, with individuals
across a range of motor impairment levels (mild, moderate,
severe), and examining the overlap of the lesion with the
CST, would improve our understanding of how the current
findings relate to a diverse population of individuals
after stroke.

Our findings support a possible specialization of the
motor dominant hemisphere during action observation
following stroke. However, the functional implications of this
activation are unclear. An important question is whether and
how these results, and recovery from nondominant (right
hemisphere) stroke, may relate to real-world hand usage.
Future studies might examine real-world hand usage during
daily activities (e.g., using accelerometers [58, 59]), and relate
that to laterality patterns in brain activity following stroke.

In addition, here we showed that action observation
engages the motor dominant hemisphere in individuals
who are right hemisphere dominant (left-handed) prior to
stroke. Right hemisphere dominance is less common, and
therefore, the population with stroke will be smaller and less
is known about motor control in this group. However, given
our findings’ interpretations, we might expect AON activity
to be lateralized toward the dominant right hemisphere in
that group. A more complete understanding of the relation-
ship between motor dominance, hemisphere of stroke, and
AON activity should be studied to enable personalized
interventions in stroke neurorehabilitation.
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Finally, given the conventional wisdom that activity in
the ipsilesional hemisphere promotes recovery of motor
function after stroke [2–4], a logical next step is to evaluate
what our findings may mean for stroke rehabilitation. Our
findings, and those of others, suggest that optimal recovery
of motor function may depend on the hemisphere of the
lesion [20]. As such, parameters of AOT, such as whether
individuals with stroke observe actions corresponding to
their paretic limb only, versus observation of bilateral
movements, may yield different results for different partic-
ipants. While few stroke neuroimaging studies have been
adequately powered to compare between right and left
hemisphere stroke groups, it may be a critical difference
that affects stroke rehabilitation and motor recovery.
Future large-scale studies should examine whether and
how the hemispheric dominance of the lesioned hemisphere
affects neural activity during different types of therapy and
subsequent motor recovery.
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Current experimental stroke research faces the same challenge as neuroscience: to transform correlative findings in causative ones.
Research of recent years has shown the tremendous potential of the central nervous system to react to noxious stimuli such as a
stroke: Increased plastic changes leading to reorganization in form of neuronal rewiring, neurogenesis, and synaptogenesis,
accompanied by transcriptional and translational turnover in the affected cells, have been described both clinically and in
experimental stroke research. However, only minor attempts have been made to connect distinct plastic remodeling processes as
causative features for specific behavioral phenotypes. Here, we review current state-of the art techniques for the examination of
cortical reorganization and for the manipulation of neuronal circuits as well as techniques which combine anatomical changes
with molecular profiling. We provide the principles of the techniques together with studies in experimental stroke research
which have already applied the described methodology. The tools discussed are useful to close the loop from our understanding
of stroke pathology to the behavioral outcome and may allow discovering new targets for therapeutic approaches. The here
presented methods open up new possibilities to assess the efficiency of rehabilitative strategies by understanding their external
influence for intrinsic repair mechanisms on a neurobiological basis.

1. Introduction

Although huge efforts have been made in recent years,
both by clinicians and basic researchers, we have still
gained limited insights into a neurological disease such
as stroke preventing us from developing specific cures
and resulting in poor statistical numbers: Of 15 million
people suffering from an ischemic brain attack every year,
a third dies, a third remains permanently disabled, and a
third recovers as the stroke itself has not been too devas-
tating. On the clinical side, stroke units have been created,
which combine experts in intensive care medicine, neurol-
ogy, physiotherapy, and speech therapy, to accelerate and
coordinate the diagnostic and therapeutical processes aim-
ing at improving recovery rates for patients. According to
the neurologists’ saying “time is brain,” even mobile units
have been established to bring the hospital to the patient
[1]. These efforts aim at increasing the number of patients

being eligible for the only currently approved acute treat-
ment—thrombolysis or thrombectomy—within a very early
time window of 4.5 h after stroke [2, 3].

On the side of basic research, we study the neurobiology
of stroke, but seem to be stuck in a “black box” situation: We
have accumulated data showing the tremendous capacities of
the brain to reorganize by synaptogenesis and even neuro-
genesis and by neuronal circuit rewiring and new circuit
formation. We find cortical map shifts and hyperactive brain
regions after stroke; we detect genetic and proteomic turn-
over within a distinct spatiotemporal profile and sequence
of events [4]. However, only minor attempts have been made
to transform pure correlative data into causative ones, which
would enable a causal connection of plastic remodeling pro-
cesses in the brain with distinct behavioral outcomes. Not
only would this allow us to form a new understanding of
the functional brain status after stroke, but also it opens up
possibilities to develop and test the efficiency of new
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therapeutic approaches. Today’s basic stroke research is part
of neuroscience that faces the challenges to first describe the
broad morphological features, then study fine cellular and
molecular events, find genes which are active in a specific
neuron or cell type, and link it to the behavioral phenotype.
But as the philosopher of science Karl Popper might have
argued: Before we can provide answers, we need the power
to ask new questions.

In recent years, new technology has been designed
which is starting to fill the gap between correlative and
causative research.

The aim of this review is to first discuss current state-of-
the-art technology of experimental stroke research which
enables a deeper understanding of neuronal reorganization
and circuit formation. In the second part, techniques for
distinct neuronal circuit manipulation are introduced which
help to reveal causal relationships between anatomy and
behavior. Finally, new approaches combining cytology with
molecular profiles are provided which elucidate the underly-
ing molecular mechanisms of neuronal rewiring and repair.
The principles of the techniques are explained together with
exemplary studies in experimental stroke research which
have already applied the described methodology. The here
discussed tools may not only enhance our understanding of
stroke pathology but also help to identify crucial anchor
points for new therapeutic interventions.

2. State-of-the-Art Techniques to Study
Neuronal Reorganization and Circuit
Formation after Experimental Stroke

2.1. Approaches to Examine Brain-Wide Remodeling. A
classical approach to study reorganizational processes across
the whole brain is functional resonance imaging (fMRI),
allowing the monitoring of neuronal rewiring processes on
a macroanatomical level within the same animal. However,
although significant contributions to the understanding of
the interplay between altered functional status and structural
connectivity have been made in stroke models [5, 6] using
this technique, the spatial and temporal resolution level
remains low.

In contrast, intrinsic optical imaging sticks out by a high
spatial resolution enabling the visualization of small domains
within larger brain areas demonstrating the functional orga-
nization and the spatial relationships among those smaller
domains, for example, in the barrel or visual cortex [7].
Intrinsic optical imaging uses the effect that more active
brain tissue reflects less light than does less active tissue.
Thus, the most active areas appear as the darkest ones. Opti-
cal imaging has been used to show disrupted functional
connectivity in rodent mouse models of stroke [8, 9].

Another technique to study in particular sensory map
shifts is millisecond-timescale voltage-sensitive dye (VSD)
imaging which unlike functional fMRI and intrinsic optical
signal imaging measures electrical activity with relatively
high spatial and temporal resolution [10]. VSD imaging has
recently been applied to measure spontaneous activity over
large regions of the mouse cortex to reveal fast, complex,

localized, and bilaterally synchronized patterns of depolari-
zation [10]. In a study by Gosh et al. [11], VSD imaging
was used to show the expansion of the forelimb sensory
map towards parts of the hindlimb cortex after a large
thoracic spinal cord injury, indicating incorporation of axo-
tomized hindlimb neurons into sensory circuits of the fore-
limb. In another study by Brown et al. [12], the function of
the sensorimotor cortex was visualized with VSD imaging.
The mouse forelimb sensory cortex was targeted by stroke
leading to a new sensory representation in the territory previ-
ously occupied by the forelimb motor cortex. VSD imaging
revealed slower kinetics in remapped sensory circuits accom-
panied by high levels of dendritic spines as visualized with
two-photon microscopy.

While VSD imaging was the first demonstration of wide-
field optical imaging of neural activity [13], the necessity to
apply VSDs prior to imaging, their very fast response time,
and their very small signal ratios made them difficult to use.
However, recent developments of exogenous and in particu-
lar genetically encoded fluorescent indicators of neuronal
activity such as GCaMP and YC-Nano have revolutionized
the targeted expression of fluorescence with much higher
signal levels. And even transgenetic lines exist [14]. Further-
more, recent work has shown that the dynamics of flavopro-
tein fluorescence can be optically mapped in wild-type CNS
tissue as an indicator of oxidative metabolism [15, 16], which
might be also a useful tool in experimental stroke research.
As wide-field neuroimaging methods are also relatively easily
combined with optogenetics to modify brain activity in the
behaving animal, studies have been conducted using
camera-based “mesoscopic” optical recording of neuronal
activity examining a large part of the cortical surface. These
mesoscopic optical recordings became possible by extensive
chronic window implantations [17] and improved high-
speed sensitive camera technology. Vanni et al. [18] mea-
sured cortical functional connectivity using wide-field imag-
ing in lightly anesthetized GCaMP3 mice and correlated
calcium signals recoded in the primary sensory cortex to
the other sensorimotor areas bilaterally. The coactivation of
areas was interpreted as an indication that areas might be
functionally connected. However, a final proof for a func-
tional connection, shutting-off correlated areas, was missing
in this study. Balbi et al. [19] used the same approach in
awake GCaMP6 mice studying mososcopic functional con-
nectivity longitudinally in a microinfarct model.

That wide-field calcium imaging might be also a pow-
erful tool to study brain-wide cortical reorganization on a
high-resolution level over time in animals monitoring their
rehabilitative courses or recording rehabilitative training
after stroke was demonstrated by Murphy et al. [20]. His
lab presented a home cage system, where mice could initi-
ate mesoscopic functional imaging by themselves over days
being unsupervised.

2.2. Methods to Understand Regional Reorganization. Intra-
cortical microstimulation (ICMS) and surface stimulation
with electrode arrays have been used for many years to map
cortical regions, to study cortical reorganization, and to find
first hints if projections in the motor cortex are functionally

2 Neural Plasticity



relevant. This technique applies electrical stimulation of cor-
tical sites to induce, for example, stimulus-evoked movement
responses, which can be detected visually, by EMG responses
or by the usage of accelerometers. Several studies have used
this technique to either examine cortical map shifts in
sensorimotor areas after spontaneous recovery or different
therapeutical applications [21–24] or used the stimulation
itself as a method to increase plastic processes [25]. However,
ICMS has its disadvantages such as the inability to selectively
target neuronal subtypes as well as the indiscriminate activa-
tion of axons of passage. Furthermore, due to electrode
penetration, intracortical electric stimulation remains an
invasive procedure causing tissue damage [26]. ICMS is also
limited to perform cortical representation of body function at
a distinct time point after stroke constraining longitudinal
experiments within the same animal.

A new noninvasive strategy to study the reorganization of
the motor cortex after stroke in the same animal over time is
light-based motor mapping: This technique makes usage of
the possibility to stimulate neurons by light, either by
uncaging neurotransmitters [27, 28] or by directly activating
light-sensitive channels, such as channelrhodopsin-2 (ChR-
2). Ayling et al. [26] used transgenic channelrhodopsin-2
mice which express ChR-2 in layer 5B pyramidal neurons of
the motor cortex. Thus, light-based stimulation directly
targets corticofugal cells, enabling the analysis of their contri-
bution to motor cortex topography. Light-based motor map-
ping has the advantage of sampling stimulus-evoked
movements at hundreds of cortical locations in mere minutes
objectively and in a reproducible manner [29]. It is faster and
less invasive than electrode-based mapping and can be com-
bined with intrinsic signal imaging in animals with cranial
window preparations [30]. In addition, it enables repeated
mapping of the motor cortex over a timescale of minutes to
months, opening up possibilities to examine the dynamics
of movement representations at distinct conditions such as
learning over time, pharmacological intervention or reorgani-
zation before, during, and after cortical damage. In a first
study by Harrison et al. [29] light-based motor mapping
revealed a functional subdivision of the forelimbmotor cortex
based on the direction of movements evoked by brief light
pulses (10ms), while prolonged stimulation (100–500ms)
resulted in complex movements of the forelimb to specific
positions in space. In a follow-up study [30], light-basedmap-
ping was for the first time used to perform a longitudinal
experiment studying the reorganization of the sensorimotor
cortex after a focal sensory stroke. The sensory stroke caused
the establishment of a new sensory map in prior parts of the
forelimb motor cortex, which preserved its center position
but became more dispersed.

2.3. Studying Poststroke Neuronal Circuit Formation and
Network Activity. However, although all described mapping
approaches are powerful tools, they can only provide infor-
mation about map shifts and representation of general move-
ment dynamics. They stay far beyond cellular resolution and
do not allow studying local neuronal circuitry or single
neuron contribution to neuronal networks. In particular after
stroke, it is not clear how activity in single neurons changes

in relation to cortical map shifts. The analysis of single neu-
rons in relation to the neuronal circuit in which they are
embedded may elucidate whether stroke-induced plasticity
is a result of the capacity of surviving neurons to process
multiple functional streams. In vivo two-photon calcium
imaging is a potent method which not only allows studying
activity of a single neuron or ensembles of neurons in a net-
work but also enables cell type and neuronal subtype-specific
analysis. Only a few in vivo two-photon calcium imaging
studies focusing on neuronal reorganization and circuit
rewiring after stroke have been conducted so far. In an acute
in vivo calcium imaging experiment during the induction of a
transient global ischemia model in mice, Murphy et al. [31]
saw a widespread loss of mouse somatosensory cortex apical
dendritic structure during the phase of ischemic depolariza-
tion. This was accompanied by increased intracellular cal-
cium levels which coincidently occurred with the loss of
dendritic structure. In a second study [32], in vivo two-
photon calcium imaging was used to examine how response
properties of individual neurons and glial cells in reorganized
forelimb and hindlimb functional somatosensory maps mod-
ified during the recovery period from ischemic damage in the
sensory cortex. However, all studies have been conducted in
animals under anesthesia which itself influences neuronal
activity. An experiment which examines single neuron activ-
ity in the behaving animal before stroke and during the
recovery phase after insult is lacking so far.

Two-photon calcium imaging enables recordings of
individual neuronal activity within a neuronal network
and allows subtype-specific functional analysis of brain tis-
sue. However, neuronal activity with cellular resolution level
can only be examined in small (<1 millimeter) fields of
view. Collective dynamics across different brain regions
are inaccessible. Recent advances in two-photon micros-
copy allow the simultaneous imaging of neuronal networks
with cellular resolution level in the active animal in multi-
ple areas, which are even not directly connected [33–35].
This technological progress also provides new promises
for experimental stroke research.

3. State-of-the-Art Techniques for Manipulating
Neuronal Circuits

In a 1979 Scientific American article, Nobel laureate Francis
Crick stated that the major challenge facing neuroscience
was the need to control one type of cell in the brain while
leaving others unaltered. In a lecture from 1999, he further
confined: “One of the next requirements is to be able to
turn the firing of one or more types of neuron on and
off in the alert animal in a rapid manner. The ideal signal
would be light, probably at an infrared wavelength to
allow the light to penetrate far enough. This seems rather
farfetched but it is conceivable that molecular biologists
could engineer a particular cell type to be sensitive to light
in this way” [36].

Manipulation of neuronal circuits or single neurons
has two prerequisites: Manipulation has to be quick and
very specific. Over the years, a very diverse set of tools
has been developed to manipulate whole brain regions as
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well as the activity of individual cells and subtypes in the
alert behaving animal.

3.1. Manipulating with Specific Spatial Control. The first
constraint for specific manipulation implies a high spatial
control allowing the selective modulation of a whole brain
area, a distinct anatomical sub region (e.g., layer 5 pyramidal
cells in the sensorimotor cortex) or a particular cell type (e.g.,
a parvalbumin-positive interneuron).

For inhibiting neuronal activity in whole brain regions,
agents such as the GABA agonist muscimol have been used
[37, 38] resulting in a loss of motor function, indicating a
causal relationship between anatomy and behavior. Other
approaches block synapse remodeling through protein syn-
thesis inhibitors such as anisomycin, for example, inducing
the disruption of synapses and motor maps in a rat fore-
limb stroke model [39]. However, for a better spatial con-
trol to target distinct circuits and individual cell types,
researchers have either created transgenic mouse lines or
locally injected viruses with cell-type specific promotors
[40]. These promotors induce gene expression directly—as
in the case of transgenic mice—or indirectly via, for example,
Tet- (tetracycline-controlled transcriptional activation-) on/
off or Cre-flox systems.

The Tet system uses at least two viral vectors plus an anti-
biotic drug which in a sequential way activate each other to
induce the transcription and translation of the gene of inter-
est: A tissue-specific promoter initiates the expression of a
transcription factor, either the tetracycline transactivator
(tTA) or the reverse tetracycline transactivator (rtTA). The
tTA or rtTA then becomes the key player for the transcrip-
tion of a tetracycline response element (TRE) promotor,
which in dependence of the presence of tetracycline or doxy-
cycline drives the expression of the gene of interest. Expres-
sion of the gene of interest is fully reversible as
administration or removal of tetracycline or doxycycline will
turn its expression on or off. In a study by Kinoshita et al.
[41] a Tet-on system was used to selectively express the
synaptotoxin tetanus toxin in propriospinal (PN) neurons
innervated by the motor cortex. The researchers could show
that upon doxycycline administration in the drinking water
reaching performance of monkeys significantly declined
due to temporal blockade of the motor cortex–PN–motor
neuron pathway. The same Tet-on system was used by Wahl
et al. [42] in a rat stroke model to selectively shut off rewired
corticospinal fibers originating in the contralesional pre- and
motor cortex and targeting the stroke-denervated hemi-
spinal cord: When doxycycline was administered to the rats
in the drinking water after the rehabilitative treatment for
impaired skilled motor function, the recovered grasping skills
of the impaired paw decreased again over time. The effect was
reversible, when doxycycline was removed from the drinking
water. This study showed for the first time the specific and
reversible inactivating of newly out-sprouting corticospinal
fibers after stroke. In another study by Ishida et al. [43] ipsi-
lesional corticorubral fibers were shut off after forced rehabil-
itation in a rat stroke model revealing the functional
importance of the red nucleus for the recovery of impaired
motor function.

Similar to the Tet system, the Cre-flox system also
requires two transgenes: A tissue-specific promotor regu-
lates the expression of Cre recombinase, a bacteriophage
enzyme which recombines DNA at specific recognition
sequences called loxP sites. Cre recombinase then excises
DNA within two loxP sites (“floxed”). As in most cases,
floxed-stop constructs are knocked in by homologous
recombination to a gene of interest [40]; the stop signal
is excised in the presence of Cre and the transgene expres-
sion can be initiated. Cre-mediated expression only occurs
in cells expressing Cre, which are also those cells in which
the tissue-specific promotor is active, indicating the high
cell-type specificity of this technique.

3.2. Manipulating with High Spatial and Temporal Control

3.2.1. DREADDs. As the second prerequisite for specific
neuronal manipulation in addition to a high degree of spatial
resolution, temporal resolution and directional modulation
of signaling are required for remotely controlling neuronal
firing. Temporal resolution implies the precise control when
a receptor or pathway is active or inactive and for how long it
should be in a specific active status. Temporal resolution can
vary from milliseconds (see “opsins” described below) to
hours (e.g., designer receptors exclusively activated by
designer drugs, DREADDs). Important are also “onset”
kinetics (the time between the experimental manipulation
and the modulation of the receptor or signaling pathway)
and “offset” kinetics (the time between the initiation of the
signaling modulation and the termination of the modulation
[40]). Directional regulation describes the effect of the tool on
neuronal activity (either activating or inhibiting), while bidi-
rectional control would be the optimal case: Turning on and
off the same cell population would elucidate the full spectrum
of function that a cell provides within a particular network
for perception or execution of a distinct behavior.

For manipulation of neuronal networks for minutes to
hours, designer G protein-coupled receptors have been
developed. G protein-coupled receptor pathways are
involved in a multitude of cellular functions. Unlike opsins,
which are functionally silent without excitation in vivo as
they are not directly activated by endogenous compounds,
G protein-coupled receptors (GCPRs) are constantly modu-
lated by endogenous ligands in vivo or reveal ligand-
independent activity [44, 45]. In vitro and in vivo pharmaco-
logical studies have described GPCRs as the most important
class of druggable targets in the human genome [46], through
which 50% of prescribed therapeutics act [47]. These facts
made the development of highly selective orthologous
ligand-receptor pairs, which would enable a high spatiotem-
poral control over GPCR signaling pathways in vivo
challenging [48]. In recent years, mutations to more than a
dozen native GPCRs have opened the field for the develop-
ment of selectively activated designer receptors. Most of these
receptors are divided in two classes: the first-generation
RASSLs (receptors activated solely by synthetic ligands) and
the second-generation DREADDs (designer receptors exclu-
sively activated by designer drugs), which were evolved
through directed molecular evolution in yeast [40]. RASSLs
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were first engineered on the basis of serotonin receptors [49],
histamine receptors [50], and melanocortin-4 receptors [51].
However, the first generation of orthologous ligand-GPCR
pairs revealed potential shortcomings: Although the recep-
tors were activated solely by the synthetic ligands, the ligands
themselves did not solely activate the designer receptors (as
reviewed by Rogan and Roth [40]). Thus, for the develop-
ment of second-generation DREADDs, Armbruster et al.
took a designer ligand, clozapine n-oxide (CNO), which
was known to be inert at endogenous targets and highly bio-
available and blood-brain barrier-permeant in both humans
and mice [52, 53]. As CNO had a modified structure of cloza-
pine, which is known to be a weak partial agonist at musca-
rinic receptors, [54] mutations were induced in the five
members of the muscarinic cholinergic receptor family
and tested upon their selective responsiveness to the
CNO application. Introducing two mutations transformed
the hM3 receptor into a designer receptor which was
insensitive to its native ligands, but highly sensitive to
the designer ligand CNO. In smooth muscles cells the
Gq-coupled hM3 DREADD receptor stimulated a cascade
of inositol phosphate hydrolysis, calcium release and
ERK1/2 activation, while the hM4Di DREADD receptor,
derived from the Gi-coupled human muscarinic M4 recep-
tor, inhibited forskolin-induced cAMP formation and acti-
vation of GIRK causing hyperpolarization and inhibition
of neuronal firing [54].

Since the first development of DREADD receptors,
reports of their usage in vivo are now appearing: The
pharmacokinetic properties of the DREADD ligands and
the particular route of administration (oral administration,
subcutaneous, intraperitoneal, or even local stereotaxic
infusion) determine how quickly neurons response to exper-
imental manipulation by ligand application. Responses
typically emerge 5 to 15min after systematic application,
for example, of CNO and usually last for 2 h—but this time
period can be further enlarged upon dose-dependent
increase of CNO [55]. When Ferguson et al. [56] used
virus-mediated expression of the hM4Di receptor in the
direct and indirect pathway neurons of the striatum, they
found altered behavioral plasticity associated with repeated
drug treatment. In particular, decreasing striatopallidal neu-
ronal activity facilitated behavioral sensitization to drug
treatment. Expression of the hM4Di receptor in rewired cor-
ticospinal projecting neurons was recently used to shut off
regained grasping function in rats which had gained nearly
full recovery of impaired skilled forelimb function due to a
large stroke after the sequential application of a growth-
promoting therapy and intense rehabilitative training [42].

3.2.2. Optogenetics. Although manipulation of GPCR signal-
ing pathways by DREADD receptor induction and activation
is highly efficient and shows a very specific spatial resolution
(depending on the constructs or transgenic mouse lines
used), the temporal resolution remains limited to an activa-
tion within minutes—due to the slower nature of GPCR
signaling—and the necessary ligand delivery to the location
of neuronal manipulation. In contrast, high-temporal (milli-
seconds) and cellular precision within intact mammalian

neural tissue for fast, specific excitation or inhibition even
within a freely moving animal can only be achieved with
optogenetics [57].

Early approaches to use light to stimulate neuron activity
included the selective photostimulation of neurons in Dro-
sophila by coexpression of the drosophila photoreceptor
genes encoding arrestin-2, rhodopsin, and the alpha subunit
of the cognate heterotrimeric G protein which enabled the
sensitization of neurons to light [58]. In a second approach,
action potentials in hippocampal neurons were induced in
a reliable and temporarily precise manner by uncaging a
caged capsaicin derivate by light [59]. However, depolariza-
tion occurred within 5 s after a 1 s light pulse, lasting for 2–
3 s and did not attenuate with multiple light pulses. Other
approaches such as UV light-isomerizable chemicals linked
to genetically encoded channels [60, 61] had also shown
limitations due to reduced speed, targeting, tissue penetra-
tion, or applicability because of their multicomponent nature
[57]. In 2003, Nagel et al. [62] cloned channelrhodopsin-2
(ChR2), a cation channel from the green alga Chlamydomo-
nas reinhardtii which depicted similarities to the vertebrate
rhodopsin which opens in response to blue light allowing
potassium ions to enter the cell. Two years later, the first
optogenetic experiment in neuroscience was conducted by
expressing ChR2 using a lentiviral vector in cultured rat hip-
pocampal neurons [63]. Illumination of these cultures with
shorter wavelength blue light (450–490nm) initiated large
and rapid depolarization, while light with longer wavelengths
(490–510nm) induced smaller currents. Light stimulation
of neurons was selective to those neurons expressing
ChR2. Since then, neuroscientists rapidly adapted the pos-
sibilities of this new technology to in vivo experiments. In
addition, the palette of available light-sensitive channels
and ion pumps for neuronal inhibition and activation,
for fast- and slow-acting opsins, and for opsins activated
at distinct wavelengths has been extensively augmented
in recent years [64–68].

However, although the numerous advantages of optoge-
netics are evident—such as the highest specificity, the ultra-
fast millisecond time scale dissection, and basically no
adverse effects due to the light (unless the light source is
not too strong or applied too long)—optogenetics stays an
invasive procedure for many in vivo experiments: As the light
source has to be brought close to the neuronal tissue, target-
ing deep brain areas or diffuse neuronal populations remains
challenging. New development of step function or bistable
opsins and opsins such as Jaws—an inhibitory opsin, which
is activated by light of infrared wavelength [66]—opens up
new possibilities for noninvasive manipulation in-vivo.

Only very few studies have applied optogenetics in exper-
imental stroke research so far: Optogenetics was mainly used
in the context of light-based motor mapping as described
above [30]. Other studies used optogenetics as a therapeutic
approach to increase neuronal activity aiming at enhancing
functional recovery: In a first study by Cheng et al. [69], opto-
genetic stimulation of the ipsilateral primary motor cortex in
ChR2 transgenic mice promoted functional recovery and the
induction of growth-promoting genes after stroke induction
in the striatum and somatosensory cortex. Shah et al. [70]
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could furthermore show that selectively stimulating neurons
in the lateral cerebellar nucleus (LCN), a deep cerebellar
nucleus that sends major excitatory output to multiple motor
and sensory areas in the forebrain, results in persistent recov-
ery on the rotating beam after stroke in a transgenic mouse
line (Thy1-ChR2-YFP-channelrhodopsin fused to yellow
fluorescent protein under the Thy1 pan-neuronal promoter).
Tennant et al. [71] revealed that optogenetic stimulation of
thalamocortical axons could facilitate recovery. In another
study [72], optogenetic stimulation of the intact corticospinal
tract was sufficient to promote functional recovery after a
large photothrombotic stroke in rats. Optogenetics were also
used to drive the excitatory outputs of the grafted neural stem
cells and increase forelimb use on the stroke-affected side and
motor activity in a rat stroke model [73]. Reducing the inhib-
itory striatal output by optogenetics enhanced neurogenesis
in the subventribular zone and behavioral recovery in mice
after middle cerebral artery occlusion [74–76].

That optogenetics can also be used to demonstrate a
causal relationship between a rewiring neuronal circuit and
recovery of a specific (sensorimotor) behavior was demon-
strated by Wahl et al. [72]: The authors used the inhibitory
light-sensitive proton pump ArchT to reveal the functional
relevance and regionalized organization of rewired corticosp-
inal circuitry for the recovery of distinct grasping features.

New advanced technology in microscopy allows the
precise optogenetic stimulation of individual neurons [77]
and even dendritic spines and nerve cell somata [78, 79]
using holographic photostimulation. In addition, the devel-
opment of parallel illumination methods [80] which com-
bine the preservation of the spatial targeting capability of
beam-scanning systems and the rapid stimulation of mul-
tiple neurons now enable the simultaneous excitation of
neurons in selected target regions.

3.2.3. Magnetogenetics. Although optogenetics have revolu-
tionized the field of neuroscience, the examination of deeper,
subcortical brain regions remains a challenge, as the light has
to be somehow delivered to the tissue often requiring inva-
sive implantation of fiber optics causing collateral damage
of the surrounding brain tissue. A new emerging method
which overcomes the spatial limitations is magnetogenetics:
It relies on a principle known as thermal relaxation [81],
implying that an alternating magnetic field is able to heat
up small magnetic nanoparticles. As key elements the specific
frequency of the magnetic field, the size and composition of
the nanoparticles are required. Huang et al. [82] activated a
heat-sensitive TRPV1 channel expressed in human embry-
onic kidney (HEK) cells by induction of thermal relaxation
of manganese oxide nanoparticles, which enhanced the tem-
perature at the plasma membrane and initiated the calcium
influx through the heat-sensitive ion channels. Chen et al.
[83] used this technique to stimulate a defined neuronal pop-
ulation activity in the ventral tegmental area in behaving
mice demonstrating the potential of magnetogenetics for
deep brain stimulation.

However, although individual neuron and specific neuro-
nal circuit manipulation with high spatial and temporal con-
trol is possible as discussed above, there still is a need for

good behavioral readouts: In particular, in experimental
stroke research studying, for example, motor impairment
and recovery, it is crucial to quantitatively understand true
recovery versus compensation of impaired function [84]:
While analyzing video recordings of motor behavior using
scores is not only time consuming but also often very subjec-
tive, even the analysis of movement trajectories might not
provide the full picture [72]: When manipulating with high
precision control on a cellular and even subcellular level on
the neurobiological side, there is a need for precise analysis
of the behavioral phenotype. The dramatic development of
Computer Vision algorithms and artificial intelligence may
allow further steps beyond for a detailed analysis of kinemat-
ics including the sequence of postures, shape and trajectories,
which is missed by the human eye.

4. State-of-the-Art Techniques to Combine
Anatomy and Molecular Biology

So far, we have discussed how stroke reorganization can be
examined on the macrolevel of map shifts or by studying sin-
gle neurons in neuronal circuits using 2-photon calcium
imaging approaches. We have reviewed how individual neu-
rons and whole neuronal populations can be manipulated
with high spatiotemporal resolution disclosing new possi-
bilities of causally linking individual neuronal activity with
a distinct behavioral phenotype. However, an understand-
ing of the underlying molecular crosstalk which induces
anatomical and behavioral changes is still lacking. Classically,
tracing techniques (e.g., dextran tracers) have been applied to
visualize cells involved in structural reorganization after
stroke [22, 23]. Li et al. [85] found a way to exclusively study
molecular changes in newly out-sprouting neurons (“the
sprouting transcriptome”) in the peri-infarct cortex by inject-
ing two different fluorescent conjugates of the tracer cholera
toxin B (CTB) into forelimb sensorimotor cortex at different
times points: One CTB tracer was injected at the time of
stroke, the second differently labeled one either 7 or 21 days
afterwards. Neurons which expressed only the second tracer
were those which missed an axonal projection to the injec-
tion site at the time of the injection of the first tracer and thus
represented neurons which established a new projection pat-
tern after stroke. Both neuron types (single- and double-
labeled ones) were laser captured to identify the distinct
transcriptional profile of an out-sprouting neuron in the
peri-infarct cortex.

In addition, new constructs have been recently devel-
oped for molecular profiling of projecting neurons and
thus bridging the gap between anatomical modifications
and underlying molecular mechanisms. Using, for example,
bacterial artificial chromosome (BAC) transgenic mice
which express EGFP-tagged ribosomal protein L10a in
defined cell populations allowed purification of polysomal
mRNAs from genetically defined cell populations in the
brain [86, 87]. In another study by Ekstrand et al. [88],
ribosomes were tagged with a camelid nanobody raised
against GFP enabling the selective capture of translating
mRNAs in projecting neurons.
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5. Conclusion

Here, we have reviewed current and new promising state-of-
the-art techniques for studying reorganization after stroke,
for the identification and manipulation of distinct neuronal
populations and approaches which allow examining molecu-
lar profiles of neurons being part of the cortical reorganiza-
tion process. While for decades studies in basic stroke
research have only described and reported correlative find-
ings, these techniques open up tremendous possibilities to
analyze plastic processes and identify and target key players
for the development of new therapies in stroke.
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Background. Parkinson’s disease (PD) patients experience cognitive impairment which has been related to reduced quality of life
and functional disability. These symptoms usually progress until dementia occurs. Some studies have been published assessing
the efficacy of cognitive treatments on improving cognition, functional outcome, and producing changes in brain activity.
Objective. A critical review was performed to present up-to-date neurorehabilitation effects of cognitive rehabilitation in PD,
with special emphasis on the efficacy on cognition, quality of life aspects, brain changes, and the longitudinal maintenance of
these changes. Results. After exclusions, 13 studies were reviewed, including 6 randomized controlled trials for the efficacy on
cognition, 2 randomized controlled trials regarding the brain changes after cognitive training, and 5 studies which evaluated the
long-term effects of cognitive treatments. Conclusions. Cognitive rehabilitation programs have demonstrated to be effective on
improving cognitive functions, but more research is needed focusing on the efficacy on improving behavioral aspects and
producing brain changes in patients with PD. Moreover, there is a need of randomized controlled trials with long-term
follow-up periods.

1. Introduction

Parkinson’s disease (PD) is a common neurodegenerative dis-
ease, being most of the cases diagnosed at around 60 years [1].
Traditionally, PD has been considered a motor disorder, and
the core motor symptoms are rigidity, tremor, bradykinesia
(akinesia), and postural instability. In addition, freezing of gait
(difficulty to initiate or continue walking) and flexed posture
have been included in the cardinalmotor symptomsof the dis-
ease [2]. Nowadays, it is known that this neurodegenerative
process produces a wide range of motor and nonmotor symp-
toms inPDpatients; hence, PD is considered amultiple system
neurodegenerative disorder [3]. Among these nonmotor
symptoms, cognitive impairment is an important nonmotor
symptom due to its prevalence among PD patients (20–50%)
[4, 5]. In addition, PD patients might develop cognitive
impairment from the early stages of the disease [4, 5]. These
cognitive deficits may deteriorate with the progression of the
disease until dementia occurs [6, 7]. The analysis of cognitive

impairment and dementia in PD patients is relevant because
both have shown relationship with reduced quality of life
and functional disability in PD patients [8, 9].

These cognitive impairments in PD have been related to
grey matter (GM) atrophy, white matter (WM) alterations,
brain functional connectivity (FC), and brain activation alter-
ations. PD patients with Mild Cognitive Impairment (MCI)
diagnosis have shown GM volume reduction in the frontal,
temporal, and parietal lobes, but also in the hippocampus,
amygdala, and putamen [10, 11]. Additionally, PD patients
with MCI have shown widespread cerebral WM deterioration
[11–13]. Interestingly, WM alterations have been found to
appear before GM volume reduction in PD patients, which
highlights the importance to explore the relationship between
WM indexes and cognitive impairment [14]. In addition,
cognitive deficits have also been related to functional brain
alterations, showing altered FC and brain activation values
both during resting state and during cognitive tasks inside
the scanner [15, 16].
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With the progression of the disease, cognitive deficits
usually deteriorate until dementia occurs after 10 to 20 years
[6, 17]. A study followed newly diagnosed PD patients over
time and found that after 20 years, dementia was present in
up to 80% of PD patients [6]. In addition, recent studies
showed that the presence of MCI diagnosis in PD patients
contributes to the development of dementia [7], and results
support that MCI could be considered as a prodromal stage
for dementia in PD [18]. Cognitive deterioration is accompa-
nied by GM volume loss [19], WM alterations [20], and func-
tional brain changes [21, 22]. When dementia occurs in PD
patients, cortical degeneration has been extended to frontal,
temporal, parietal, and occipital areas [23].

Due to the relevance of cognitive deficits, therapeutic
strategies are needed to treat cognitive decline. A common
cognitive rehabilitation program could be described as a
behavioral treatment for cognitive impairment which focused
on cognitive abilities and daily living activities, which is based
on the restoration, compensation, and optimization of the
cognitive functions [24, 25]. Cognitive rehabilitation pro-
grams have demonstrated their efficacy on improving cogni-
tion in different studies in PD. Several reviews [26–28] and
meta-analyses [29, 30] have been published in the field. The
efficacy of cognitive rehabilitation on improving cognition
has been shown, but these reviews and meta-analyses high-
light the importance of continuing with research focused on
the efficacy of the cognitive rehabilitation approach in PD.

The main objective of the present study is to perform a
critical review to present up-to-date neurorehabilitation effects
of cognitive rehabilitation in PD. The first objective was to
examine the efficacy of cognitive rehabilitation programs on
cognition and behavioral aspects. The second objective was
to review the evidence of the brain changes found after
cognitive treatments. Finally, the present study analyzed the
long-term effects of cognitive rehabilitation in PD.

2. Methods

2.1. Review Strategy. Studies were included from inception to
December 2017. Focusing on the first objective of this critical
review, which was to analyze those randomized controlled
trials focused on the efficacy of cognitive rehabilitation
programs on cognition, we selected only those studies that
fulfilled the following criteria: (1) randomized controlled
trials; (2) PD patients underwent a cognitive rehabilitation
program; (3) the main objective was to investigate the change
in cognition; and (4) studies including a PD control group.
Among the studies that fulfilled these specific criteria, we also
reported (if included in the studies) the results of the efficacy
on behavioral or mood aspects, such as depression, apathy,
functional disability, and quality of life aspects.

Regarding the second objective of the present review, the
efficacy of cognitive rehabilitation programs in producing
brain changes in PD was determined based on the following
criteria: (1) randomized controlled trials; (2) PD patients under-
went a cognitive rehabilitation program; (3) studies including
a PD control group; and (4) brain changes were evaluated.

Finally, focusing on the last objective of the present
study, the review about the long-term effects of cognitive

rehabilitation programs was based on the following criteria:
(1) PD patients underwent a cognitive rehabilitation pro-
gram; (2) a longitudinal follow-up evaluation was performed;
and (3) the main objective was to investigate the change in
cognition at follow-up. In this specific section, we included
both randomized controlled trials and nonrandomized trials,
due to the scarce number of published studies and to have a
wider perspective.

Databases included were PubMed, Medline, and Google
Scholar. The search terms were specified to be found in
the title of the studies. The terms were (1) Parkinson’s dis-
ease/Parkinson disease; (2) cognitive rehabilitation/cognitive
training/cognitive remediation; (3) attention rehabilitation/
attention training/attention remediation; (4) executive train-
ing/executive rehabilitation/executive remediation; (5) mem-
ory training/memory rehabilitation/memory remediation; (6)
randomized controlled trial/randomized controlled trial; and
(7) cognition. The search term combinations in the databases
were (1)+ (2); (1) + (3); (1) + (4); (1) + (5); and (1)+ (6)+ (7).

A summary of study selection is shown in Figure 1. The
results of the selected studies were divided into 3 different
sections. First, the studies evaluating the cognitive and
behavioral changes are shown in Table 1. Then, Table 2
shows the studies that assessed the brain changes after cogni-
tive rehabilitation in PD. In addition, the longitudinal effects
of cognitive rehabilitation programs are shown in Table 3. In
Tables 1 and 3, different characteristics of the studies are
shown, such as the sample size, characteristics of the cogni-
tive rehabilitation program used, cognitive domains ana-
lyzed, significant results found, and limitations of each
study. In Table 2, MRI acquisition, preprocessing, and analy-
sis specifications are included for each study, along with the
brain significant results and the study limitations.

3. Results

3.1. Efficacy on Improving Cognition and Behavioral Aspects.
A summary of the included cognitive rehabilitation studies in
PD is shown in Table 1. Studies were included if they followed
guidelines for randomized controlled trials, the intervention
was a cognitive rehabilitationprogram, and themain objective
of the study was to improve cognition. As previously reported
in other reviews and meta-analyses, cognitive rehabilitation
improves cognition inPD[27, 29, 30].However, there is aneed
for studies with larger samples and double-blind randomized
controlled trials to reach generalized conclusions in PD.

A less studied aspect of cognitive rehabilitation is its
efficacy on improving mood symptoms or functional
disability related to the disease. Following the review-
specific criteria, among the randomized controlled trials
in PD, only five studies have evaluated the change in func-
tionality and mood aspects [31–35] and two of them found
positive effects [31, 32] (Table 1). Petrelli et al. compared a
structured and a nonstructured cognitive training program
in PD patients and found that the symptoms of depression
were reduced only in those PD patients that attended the
nonstructured cognitive program [32]. Peña et al. found that
functional disability scores were reduced in the experimental
group (3 months of cognitive training) compared to the
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active control group [31]. On the contrary, París et al. evalu-
ated the change in quality of life, depressive symptoms, and
activities of daily life after attending a cognitive rehabilitation
program [35]. No significant changes were found in any
scale, and authors related the absence of significant changes
in quality of life to the short time of training (12 sessions in
1 month). In the same line, PD patients in the study of Cerasa
et al. also attended a cognitive training program during 12
sessions and showed no significant changes in mood status
[33]. However, in the study of Edwards et al., PD patients
attended a cognitive training program during a longer period
of time (3 months), but patients showed no changes in
behavioral measures [34]. Among clinical symptoms of the
disease, the change in depressive symptoms has been usually
assessed in cognitive training studies in PD, but despite some
significant changes, the overall results point to the absence of
efficacy in reducing depression symptomatology after treat-
ment [30]. However, these studies excluded patients with
depression diagnosis or with severe symptoms of depression
prior to participation. Therefore, this criterion could have
influenced the absence of significant changes. With all, the
mechanisms that make possible the improvement in quality
of life aspects after a cognitive rehabilitation program are
not clear. The duration of treatment and degree of structura-
tion of the sessions could be two relevant variables to take into
account when assessing transfer effects to clinical variables,
but other variables seem to influence this process. Interest-
ingly, in schizophrenia studies, the presence of a therapist dur-
ing the training sessions and the group format of the training
programhave been suggested to influence the results onmood

symptoms [36]. The cognitive sessions carried in a group for-
mat enhance social interactions between participants, and the
presence of a therapist may increase the motivation and give
positive feedback to the patients, which could have an impact
in the affective state of patients. In fact, the twoPD studies that
found transfer effects to functional aspects or depressive
symptoms performed a group-based cognitive training, and
the training was guided by a qualified therapist [31, 32].

Moreover, detecting variables that predict the efficacy of
cognitive treatments is an important aspect to take into
account in order to understand the cognitive rehabilitation
process, which could guide researchers to develop more effec-
tive programs and clinicians to personalize treatments for
patients (Table 1). Despite the large amount of studies asses-
sing the efficacy of cognitive rehabilitation in PD, few studies
have investigated the predictors of the efficacy of cognitive
treatments in PD. These PD studies found that lower age at
diagnosis and longer disease duration were predictors of
higher degree of cognitive improvements after rehabilitation
[34], but higher scores in working memory and flexibility at
baseline were related with lower degree of improvements after
rehabilitation [37].

3.2. Changes in Brain Activity after Cognitive Rehabilitation.
Little is known about the neurobiological effects of cognitive
rehabilitation programs in PD. To date, literature is scarce
about the presence of cerebral changes associated with cogni-
tive rehabilitation programs assessed with structural and
functional MRI techniques in PD. Table 2 summarized the
main findings of the two randomized controlled trials in

Records identified (n = 139)

Records excluded due to exclusion criteria (n = 38)
(i) No cognitive rehabilitation program (n = 13)

(ii) No randomized controlled trial (n = 14)
(iii) No cognitive change as main objective (n = 7)
(iv) Abstract/editor’s comment ( n = 4)

Records identified a�er excluding duplications (n = 51)

Studies included in this review (n = 13)
(i) Included in Table 1 (n = 6)

(ii) Included in Table 2 (n = 2)
(iii) Included in Table 3 (n = 5)

Figure 1: Summary of studies identified and included in the review.
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evaluating brain changes after a cognitive rehabilitation pro-
gram in PD.

One study evaluated the effects of group-based attention
rehabilitation on brain functional activity in PD patients
[33]. PD patients were included in the trial if they had atten-
tion impairment but no other cognitive domain impaired. At
pre- and post-treatment assessments, patients underwent an
extensive neuropsychological assessment and resting-state
fMRI were acquired. PD patients were randomly divided into
experimental group and active control group. The experi-
mental group received attention rehabilitation using “Reha-
Com” computer program, while the control group attended
in-house software which focused on visuomotor coordina-
tion. The attention rehabilitation consisted in computer-
assisted tasks which trained attention and information pro-
cessing during 6 weeks. Specifically, attention rehabilitation
tasks were focused on concentration and attention tasks
and vigilance program and divided attention from the Reha-
Com software. After rehabilitation, PD patients showed
improvements in attention and processing speed tasks and
increased brain activation in the left dorsolateral prefrontal
cortex (part of the executive resting-state network) and the
left superior parietal cortex (part of the attentional resting-
state network) [33] (Table 2).

A later study in PDpatients evaluated the changes in brain
activity after a 3-month integrative cognitive rehabilitation
program [38]. PD patients underwent an extensive neuropsy-
chological assessment at pre- and post-treatment. Regarding
MRI acquisition, GM andWM changes were analyzed as well
as brain activity changes during resting-state and during a
memory paradigm. The cognitive rehabilitation program
used was the REHACOP, a paper/pencil rehabilitation pro-
gram, which trained attention, processing speed, memory,
language, executive functions, and social cognition during 3
months. PD patients after cognitive rehabilitation showed
increased brain FC between frontal and temporal lobes and
increased brain activation during the memory paradigm in
frontal and temporal areas (see Table 2). No brain structural
changes were found after rehabilitation. These brain FC and
activation values at post-treatment showed correlations with
post-treatment cognitive performance in PD patients from
the experimental group. Specifically, during resting state, FC
values between frontal and temporal lobes at post-treatment
correlated with executive function performance at post-
treatment. Additionally, during the learning fMRI task, the
brain activation values after treatment correlated with the
visual memory performance at post-treatment [38].

These studies suggest that brain activity changes are
possible after a cognitive rehabilitation program in PD.
Further studies are needed to replicate and complement
these findings.

3.3. Long-Term Effects of Cognitive Rehabilitation. Further-
more, the ultimate goal of cognitive treatments is to ensure
that benefits are maintained over long periods of time, but
little is known about the maintenance of cognitive improve-
ments over time in PD patients, and a few studies have
evaluated it [39–42, 45]. A summary of these studies is
shown in Table 3.

The first study to evaluate the long-term effects of cogni-
tive rehabilitation was published in 2004 by Sinforiani et al.
and showed that PD patients attending a cognitive training
program combined with motor training during one month
showed maintenance of the cognitive benefits after 6 months
[39]. However, the study did not include statistical analyses
for the follow-up period. Moreover, this study did not
include a control group; therefore, we cannot conclude that
these possible benefits were related to the cognitive or motor
training or the combination of treatments.

Another study in PD compared three training groups:
“group A” which attended cognitive training, “group B”
which attended cognitive training and transfer training, and
“group C” which attended cognitive, transfer, and motor
training [40] (Table 3). The authors found that the three
groups benefited from training, but those PD patients that
attended cognitive training combined with transfer training
and physical activity benefited significantly more in the short
term. Moreover, over the next 6 months, patients from
“group C” were more motivated to spend more time training
at home compared to the other groups and showed greater
maintenance of cognitive improvements after 6 months
[40]. However, because patients from group C spent more
hours in training at home over the next 6 months compared
to the other groups, these results may be influenced by the
difference of hours spent in training. Finally, this study also
included an intervention therapy with caregivers focusing
on psychoeducation, which helped the patients to continue
the training tasks at home [40] (Table 3).

A later study in PD assessed the long-term effects of cog-
nitive rehabilitation for a longer period of time (12 months)
[42]. At baseline, these PD patients were randomized to a
structured cognitive rehabilitation program (NEUROvitalis),
to a nonstructured cognitive rehabilitation program (men-
tally fit), or to a control group. After 12 months from post-
treatment, PD patients that attended NEUROvitalis training
program showed reduced cognitive performance compared
to post-treatment, but scores were similar compared to base-
line. Moreover, the risk of conversion to MCI was found
higher in the control group than in any of the cognitive train-
ing groups. Regarding depression, the “mentally fit” group
was the only group that showed significant reduction in
depressive symptoms after training, but these changes were
not maintained at follow-up (Table 3). With all, the authors
concluded that a structured cognitive treatment could pre-
vent cognitive decline [42].

Regarding the maintenance of neuroimaging changes, to
date, only one study has been published assessing the longi-
tudinal effects of cognitive rehabilitation [41]. PD patients
attended a 3-month cognitive rehabilitation program and
showed increased brain connectivity and activation in the
frontal and temporal lobes after treatment. These patients
underwent a neuropsychological and neuroimaging assess-
ment after 18 months from post-treatment. The results
showed that not only improvements in cognitive perfor-
mance and functionality were maintained after 18 months
but also increased FC was found at follow-up [41]. In addi-
tion, PD patients also showed maintenance of the increased
brain activation during the memory paradigm at long-term
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compared to baseline, but the level of activation at long-term
was reduced compared to post-treatment. This study showed
promising findings regarding the maintenance of brain
changes in a neurodegenerative disease; however, the sample
size was small, and the control group was not evaluated in the
long term. The results need to be replicated.

These few studies suggest the maintenance of cognitive
improvements after attending a cognitive rehabilitation pro-
gram in PD patients (Table 3). However, literature is scarce
in this pathology and more research needs to be done, espe-
cially including neuroimaging assessment at follow-up.

4. Discussion

The studies on the efficacy of cognitive rehabilitation pro-
grams in PD suggest that cognitive rehabilitation programs
are effective in improving cognition but further research is
needed in this field to clarify its efficacy on functional disabil-
ity and brain activity changes. Also, very little is known about
the long-term maintenance of cognitive changes after reha-
bilitation. There are few cognitive rehabilitation studies in
PD which followed the Consolidated Standards of Reporting
Trials (CONSORT) guidelines for randomized controlled tri-
als. These make more difficult to find conclusive findings.
Future studies should implement these guidelines in order
to improve the research quality and validity of findings.

All randomized controlled trials in PD for cognitive reha-
bilitation programs point to the efficacy in improving cogni-
tion. However, most of them highlighted the small sample
size as a limitation, which makes it difficult to generalize
the findings. Additionally, all of them used different types
of cognitive training programs, with different duration and
type of exercises. One of the future steps to be taken towards
understanding the efficacy of cognitive rehabilitation is iden-
tifying the characteristics that make an integrative cognitive
rehabilitation program effective against cognitive impair-
ment. A review of cognitive rehabilitation concluded that
better results may be obtained in a group-based format com-
pared to an individual format [28]. However, while most of
the rehabilitation studies in PD are group-based, this ques-
tion has not been directly addressed. In addition, a recent
meta-analysis compared the efficacy of standardized with tai-
lored (individualized) cognitive interventions, but found that
there were insufficient studies for a statistical comparison
[29]. Furthermore, other variables are also to be defined, such
as the most appropriate number of sessions, their frequency,
and the duration of the treatment. Also, the number of cog-
nitive domains trained may also influence the results. More-
over, predictors of the efficacy of cognitive treatments are
useful in the disease to adequate cognitive treatment to the
patient. Very few studies have evaluated this aspect, and
research is needed in the field.

Regarding patients’ characteristics, most of the random-
ized controlled trials in PD have been performed with PD
patients at the early Hoehn and Yahr stages of the disease.
Future studies should also include PD patients at more
advanced stages to evaluate whether cognitive treatments
could also benefit these patients. Interestingly, a study proto-
col was recently published addressing the efficacy of a

cognitive rehabilitation in PD patients with dementia, but
results are pending [43].

Moreover, transfer effects to clinical aspects have been
found in some cognitive rehabilitation studies in PD; how-
ever, other studies found no significant changes. The mecha-
nisms that make possible to transfer benefits to clinical
variables are unknown. There is an urgent need of studies
analyzing this subject. The last goal of cognitive rehabilita-
tion programs is to improve quality of life of patients. Future
studies should also include clinical and functionality scales in
pre- and post-treatment neuropsychological assessments.

On the other hand, promising findings have been found
regarding brain changes after treatment in PD, which support
the efficacy of cognitive rehabilitation programs in the disease.
Results showing brain connectivity and activation increments
after a cognitive treatment of less than 3 months in patients
with a neurodegenerative disease are relevant in the field of
neurorehabilitation. Future studies should include the MRI
acquisition as part of the protocol assessment to evaluate brain
changes after treatment and replicate the findings.

All these changes have been analyzed at follow-up, and
some studies found maintenance of these improvements.
Future randomized controlled trials should include follow-
up periods in order to replicate previous findings and assess
whether the improvements after training could be main-
tained over time. It would be also interesting to examine
the maintenance of these changes in PD patients with and
without booster sessions.

Another aspect to be taken into account during the
rehabilitation process of the patient is the role of the care-
giver. Some cognitive rehabilitation studies have included
an intervention which focused on psychoeducation with
the caregivers of the PD patients [40, 44]. The psychoedu-
cation usually addresses aspects of the disease, patients’
care management, information about help aids, and the
importance of the self-care [40, 44]. These studies found
that the caregivers gain self-confidence and felt more con-
fident to take care of the person with the disease.

In conclusion, cognitive rehabilitation programs have
demonstrated to be effective in improving cognitive func-
tions andmay also improve functional disability and produce
brain changes in patients with PD. In addition, to provide a
complete or integrative treatment, the combination of cogni-
tive training with other types of trainings or the intervention
with the caregivers should be further analyzed. More research
should be performed in the field, with a view to reaching gen-
eralized conclusions and including cognitive rehabilitation in
the standard of care of PD patients.
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