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Non-invasive alternating current stimulation
induces recovery from stroke
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Abstract. Background:Recovery of post-stroke deficits can be achieved by modulating neuroplasticity with non-invasive brain
stimulation. To evaluate potential effects of repetitive transorbital alternating current stimulation (rtACS) on stroke recovery we
carried out a randomized, drug-controlled clinical trial.
Methods:Ninety-eight patients that had suffered ischemic stroke 21.4 months earlier were randomly assigned to either group D
(n = 30) receiving conventional drug therapy, group ACS (n = 32) treated for 12 days with rtACS, or group D/ACS (n = 36)
receiving combined drug therapy/rtACS. Stroke severity level (SSL) was assessed by the NIH-NINDS stroke scale before and
after treatment and at a 1-month follow-up to evaluate motorimpairments (weakness, ataxia), sensory loss, visual fielddefects,
and cortical deficits (aphasia, neglect). At each time pointstandard EEG recordings (10–20 system) were conducted.
Results:Before therapy SSL was moderate (9.18± 0.78) without significant group difference (F= 0.86,p = 0.43). After 12
days of treatment, SSLs of groups ACS and D/ACS significantlyimproved by 22.5% and 25.1% over baseline, respectively, with
no such change in the control group D (+3%). SSL improvements were mainly due to recovery of motor, sensory, and speech
functions. After 1-month follow-up, an additional improvement of 9.7% and 9.4% was seen for the group ACS and D/ACS
which led to a total change of+32.3% and+34.7% over baseline. EEG recordings revealed greater interhemispheric synchrony
between both temporal lobes which were positively correlated with clinical outcome.
Conclusions: Non-invasive rtACS applied to post-stroke patients can modulate brain plasticity and induce recovery from
neurological deficits long after the early post lesion recovery is over.
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1. Introduction

Because at least 30% of post-stroke patients suffer
from long lasting neurologicaldeficits in different func-
tional domains new therapeutic approaches are need-
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ed to facilitate rehabilitation. With regard to motor
function deficits incomplete recovery is attributed to
maladaptive plasticity that results from interhemispher-
ic competition (Sprague, 1966; Calford and Tweedale,
1990; Ferbert et al., 1992). Here, the motor cortex of
the intact hemisphere has abnormally high levels of ex-
citation and by interhemispheric inhibition it suppress-
es the analogous motor area of the lesioned hemisphere,
thus limiting adaptive plasticity.

Non-invasive brain stimulation techniques such as
transcranial magnetic stimulation (TMS) or transcra-
nial direct current stimulation (tDCS) have been used
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to study plasticity effects in the areas of verbal fluen-
cy, motor learning and perceptual thresholds (Pascual-
Leone et al., 2000; Wassermann and Grafman, 2005).
There is a need for safe stimulation protocols to al-
low the use of these techniques in neurorehabilitation
(Paulus, 2003). TMS can activate or suppress activity
in cortical regions directly and provides up- or down-
regulation of neuronal excitability, depending on the
specific stimulation parameters (Pascual-Leone et al.,
2000; Maeda et al., 2000; Siebner and Rothwell, 2003).
TDCS can also enhance or depress excitability in the
stimulated region for minutes to 1–2 hours depend-
ing on the duration and polarity of stimulation, where
activation of both long term potentiation (LTP)- and
long term depression (LTD)-like mechanisms can be
achieved by altering sodium and calcium-dependent
channels and N-methyl-D-aspartate-receptor activity
(Wassermann and Grafman, 2005; Nitsche et al., 2005;
Gandiga et al., 2006).

Experimental and clinical evidence from different
non-invasive brain stimulation protocols revealed that
neurological outcome does not only depend on the ap-
plied current parameters but that different mechanisms
of synaptic plasticity are involved. According to the
theory of “homeostatic plasticity” (Abraham and Bear,
1996; Turrigiano and Nelson, 2004; Rich and Wenner,
2007), LTP/LTD like stimulation effects strongly corre-
lated with time-averaged postsynaptic activity. Where-
as low levels of postsynaptic thresholds initiate LTP,
high threshold levels, in contrast, lead to LTD.

Considering both mechanisms, interhemispheric
competition and homeostatic plasticity, we have car-
ried out an exploratory study to treat patients with
chronic neurological impairments after stroke using
repetitive transorbital alternating current stimulation
(rtACS). This rtACS approach has been studied for two
decades in Russia (Chibisova et al., 2001; Fedorov et
al., 2005, 2010) and recently also in Germany (Sabel
et al., 2010; Gall et al., 2010). By using repetitive
pulses we wished to induce LTP-like enhancement of
synaptic plasticity which was accomplished by tran-
sorbital current pulses at frequencies in the alpha and
beta range which are capable to induce well defined
phosphenes in most patients at current levels (200–400
µA) far below those needed for transcranial stimulation
(1000µA or greater) (Kanai et al., 2008). Based on the
prior experience, these phosphenes were expected to
produce clinically beneficial effects (Chibisova et al.,
2001; Fedorov et al., 2005, 2010; Sabel et al., 2010;
Gall et al., 2010). Most recently, in an independent
line of research, other investigators have also observed

that trains of transcranial ACS produce phosphenes in a
frequency-dependent manner which is a sign that ACS
activates the visual cortex (at least) (Antal et al., 2008;
Kanai et al., 2010; Schutter et al., 2010). Zaehle et al.
(2010) reported that transcranial ACS applied within
the individual alpha frequency range over the visual
cortex of 10 healthy subjects elevated the alpha power
measured at parieto-central electrodes. Increased indi-
vidual alpha power was shown to be relevant for en-
hancing cognitive performance (Klimesch et al., 2003;
Hanslmayr et al., 2005).

We have recently applied rtACS sessions in the alpha
range to evaluate efficacy in patients with optic neu-
ropathies (Sabel et al., 2010; Gall et al., 2010). Here,
rtACS led to visual function improvements which were
accompanied by neuronal network reorganization as
shown by EEG power spectra changes across different
brain sites (unpublished observations). These findings
suggest that rtACS induces excitability changes, though
the precise mechanisms (excitation or inhibition) are
currently not known. While it remains to be deter-
mined if trains of ACS pulses induce homeostatic plas-
ticity changes, rtACS presumably alters brain activity
towards normal levels by increasing synchronization in
the brain network. Interestingly, even with the transor-
bital electrode montage, EEG power spectra changes
were noted in areas well beyond the visual pathway.

Whatever the mechanism(s) might be, given the
widespread EEG changes we have seen across the brain
in several non-visual regions after transorbital stimu-
lation, we now wished to determine whether (visual)
phosphene inducing rtACS can also affect non-visual
functional loss after stroke.

We have therefore applied rtACS to stroke patients
and measured clinical recovery several years after the
spontaneous recovery phase was over. It was hypothe-
sized that rtACS might re-balance interhemispheric ex-
citation and inhibition by brain network synchroniza-
tion (Murase et al., 2004) as it is also known in oth-
er domains such as attention, memory and language
(Oliveri et al., 2001; Hilgetag et al., 2001; Naeser et al.,
2005). As we now show, phosphene-inducing rtACS
improves several non-visual neurological functions in
stable stroke patients such as locomotion, sensory and
language functions.

2. Method

2.1. Subjects

Ninety-eight patients were enrolled in a random-
ized, drug-controlled clinical trial at the Human Brain
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Table 1
Patients’ demographics

Patients samples Group D Group ACS Group D/ACS
(n = 98) (n = 30) (n = 32) (n = 36)

Average age (M± SD) 58.9± 9.2 57.3± 7.6 61.1± 8.3
Sex Male (n = 37) 14 12 11

Female (n = 61) 16 20 25
Stroke area ICA (n = 52) 19 17 16

VA (n = 46) 11 15 20
Average stroke age (months, M± SD) 22.7± 1.8 21.4± 4 20± 2.9

Group D: controls without rtACS; Group ACS: rtACS only; Group D/ACS: rtACS
combined with drugs; ICA: internal carotid artery; VA: vertebral artery.

Institute and Mechnikov Medical Academy (Saint-
Petersburg, Russia) which was approved by the local
Ethical Committee. Patients gave written informed
consent. Ischemic stroke patients were included if le-
sions were older than 6 months. Patients had either
ischemic cortical or subcortical stroke, with different
neurologicaldeficits includingsensory, motor, and cog-
nitive impairments; 23 patients had aphasia (motor,
sensory and mixed forms). The mean patients’ age
was 59.0± 8.4 years; mean lesion age was 22.1±

8.3 months (see Table 1 for demographics). Lesion
location and size were documented by MRI.

Exclusion criteria were heart pacemakers, epileptic
seizure within the last 3 years, photosensitive epilepsy
as determined by EEG, mental diseases (schizophrenia
etc.), presence of a non-operable tumor, blood pres-
sure above 160 mm/Hg, and diabetes mellitus (respec-
tively diabetic retinopathy). Taking into account that
arterial hypertension is associated with a high risk of
stroke recurrence and, on the other hand, undesirable
blood pressure fluctuations may occur during rtACS
these patients were excluded. Also patients with dia-
betes mellitus were excluded because these may suffer
from retinopathy with the risk of retinal hemorrhages
or detachment during rtACS.

2.2. Neurologic examination

Patients were examined immediately before and af-
ter the treatment, and after a 1-month treatment free
follow-up period. Physicians examining the patients
were blinded as to the treatment condition. Neuro-
logical deficits and stroke severity were assessed with
the National Institutes of Health Stroke Scale (NIH-
NINDS) to quantify motor impairments (weakness,
ataxia), sensory loss, visual field defects, and cortical
deficits (aphasia, neglect). NIH-NINDS sections de-
voted to the acute phase of stroke were not analyzed.
For statistical analysis of pre- and post-stimulation
measurements paired T-test was used.

3. Clinical evaluation

Patients were assigned to one of 3 groups: groups D
(“control group”) received a combination of drug ther-
apies for 18 days (see below) (n = 30), group ACS re-
ceived rtACS only (n = 32), and group D/ACS a com-
bination of both (n = 36). For randomization patients
were sorted according to their family name and consec-
utively assigned to one group at a time in that sequence.
As part of the basic therapeutic ischemic stroke man-
agement different antiplatelet agents in standard recom-
mended doses were chronically administered to each
patient (including aspirin alone or the combination of
aspirin with dipyridamole or clopidogrel). For groups
D and D/ACS additional drugs (depending on the pa-
tients individual requirements) included: (i) vasodi-
latator Vinpocetine (α-adrenoblocker and as a poten-
tial blocker of excitotoxicity) or Nicergoline (Sermion,
selective antagonistα adrenergic receptor); (ii) cogni-
tion enhancers (nootropic function) Piracetam (pyrog-
lutamate) or Choline alfoscerate (parasympathomimet-
ic precursor of acetylcholine neurotransmitter), (iii)
metabolic enhancers to improve oxygen and glucose or
(iv) anti-depressants (Fluoxetine), oral and intrathecal
spasticity drugs (e.g. Baclofen) or pain reliever with
anti-inflammatory effects (Ibuprofen). The drug selec-
tion was made individually by the attending physician
to achieve optimized clinical effects,with no systematic
differences between groups (Table 2).

4. EEG recording and analysis

We used a computer controlled EEG (Encephalan-
131, Russia) with electrode montage according to the
10–20 system, i.e. from 19 sites, with impedances be-
low 10 kΩ. Earlobe electrodes served as reference.
Statistical analyses were performed on 120 sec. of
spontaneous EEG records which were filtered off-line,
segmented and baseline corrected (sampled at 250 Hz,
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Table 2
Summary of applied drugs, theirs dosage per course for groups D and D/ACS

Drug name Dosage Group D Group Group
per course D/ACS difference

Vinpocetine, Min 210 200
5 mg Max 630 700

Average 420± 148.5 450± 176.8 ns.
Nicergoline, Min 315 210
10 mg Max 525 525

Average 420± 74.2 367.5± 111.4 ns.
Piracetam, Min 19.2 20.8
0.8 g Max 28.8 31.2

Average 24.0± 3.3 26± 3.6 ns.
Choline alfoscerate, Min 6.3 6.6
0.3 g Max 25.2 26.4

Average 15.7± 6.7 16.5± 7.0 ns.
Fluoxetine, Min 60 50
20 mg Max 240 150

Average 150± 63.6 100± 35.4 ns.
Baclofen, Min 105 95
10 mg Max 210 190

Average 157.5± 37.1 142.5± 33.6 ns.

low-pass filter was set at 50 Hz). Here, 15–20 artifact-
free EEG segments (∼ 6 sec) were extracted from each
record and averaged. Auto-power spectra and cross-
power spectra were computed by Hamming windowed
Fast Fourier transformation procedure. Cross-power
spectra were calculated between all possible channel
pairs on the scalp. The coherence function was mea-
sured by the correlation between two signals as a func-
tion of their frequency components. Of all possible
frequency bands, the coherence analysis was limited
to broad-band coherence values for the main frequen-
cy bands delta (0.5–3.5 Hz), theta (4–7.5 Hz), alpha
(8–12.5 Hz) and beta (13–25 Hz). Coherence values
for pre- vs. post-rtACS EEG measurements were then
compared within groups (Wilcoxon signed rank test).

4.1. Alternating current stimulation procedure

RtACS was generated by an alternating current stim-
ulation device (BrainStim, Russia) and applied via mul-
tizone active electrodes (9 steel half sphere contact
zones, 0.14 cm2 each) placed on the eyelids. The pas-
sive electrode was positioned on the wrist of the right
arm. Bipolar square pulses (5–20 msec phase) were de-
livered as train of pulses (2–9) for each active electrode.
Current intensity threshold was established by induc-
ing phosphenes and they were typically between 200–
400µA, i.e. well below 1000µA. Inter-pulse intervals
ranged from 23–190 ms applied to both eyes separately.
A treatment lasted 30–40 min. daily and was given for
12 consecutive days. The neurologist providing clin-
ical examinations was blinded as to which group the
patients belonged.

5. Results

5.1. Stroke severity levels(SSL)

Neurological examination showed a moderate (9.18
± 0.78) SSL for all groups before treatment without
significant between group differences (one – way ANO-
VA, F = 0.86,p = n.s., see Table 3).

After 12 days of treatment, SSL values of the ACS
and D/ACS group decreased by 2.01 (22.5%,p =

0.042) and 2.6 (25.1%,p = 0.035), respectively. The
control group D only showed a slight improvement
of 0.27 (3%, n.s.). After a 1-month treatment-free
follow-up, an additional improvement of the SSL was
observed by 0.67 (9.7%,p = 0.064) and 0.73 (9.4%,
p = 0.078) for the ACS and D/ACS group, respective-
ly, i.e. a change of+32.3% (p = 0.019) and+34.7%
(p = 0.023) over baseline. Decreased SSL values
were mainly due to recovery of motor and sensory neu-
rological domains, but also due to improvements in
speech functions, which was also analyzed separately
(Table 3).

5.2. Speech functions

Patients with aphasia were separately analyzed with
respect to their speech functions (groups D:n = 6;
ACS: n = 8; D/ACS n = 7). The clinical effects
on aphasia after rtACS included a facilitation of selec-
tion of words, decreased number of pauses during con-
versation, improved speed of speech and an increased
loudness of voice.
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Table 3
Results of SSL assessment (NIH-NINDS stroke scale) for ischemic post-stroke patients before, after 12
days and 1 month follow-up

NIH-NINDS Group D,n = 30 Group ACS,n = 32 Group D/ACS, n=36
scale Pre Post Pre Post Follow Pre Post Follow

Up Up

Facial palsy 1.56 1.50 1.50 1.25 1.33 1.85 1.50 1.23∗

Motor arm right 0.75 0.70 1.17 1.00 0.67∗ 0.88 0.88 0.83
Motor arm left 0.44 0.44 0.17 0.17 0.17 0.63 0.25∗ 0.17∗

Motor leg right 0.63 0.57 1.25 1.00 0.67∗ 1.00 0.88 0.88
Motor leg left 0.50 0.50 0.17 0.17 0.17 0.63 0.25∗ 0.17∗

Limb ataxia 1.38 1.38 1.50 1.00∗ 1.00∗ 1.67 1.38∗ 1.43
Sensory 1.13 1.13 1.08 0.91 0.82 1.25 1.00 0.87∗

Formerly neglect 1.13 1.13 1.08 1.00 1.00 1.25 1.00 1.00
Dysarthria 0.50 0.45 0.58 0.33∗ 0.33∗ 0.88 0.38∗ 0.33∗

Aphasia 0.25 0.20 0.42 0.08∗ 0.08∗ 0.33 0.25 0.13∗

SSL 8.27 8.0 8.92 6.91∗ 6.24∗ 10.37 7.77∗ 7.04∗

SSL: Stroke severity level. Significant differences between post minus pre or follow-up minus pre
measurements are marked with * (p < 0.05).

Fig. 1. Aphasia subscale of the NIH-NINDS for control group D, group ACS and group D/ACS displayed as M± SEM before therapy (A), after
12 days (B) and one month follow-up (C). *p < 0.05.

When averaging the NIH-NINDS aphasia values
(Fig. 1) the severity of speech deficits was not reduced
in the control group D. However, in groups treated with
rtACS (group ACS and D/ACS) a reduction from 0.52
to 0.27 and 0.44 to 0.24 was noted, i.e. an improve-
ment of 0.25 (51.9%,p = 0.025) and 0.20 (54.5%,
p = 0.029), respectively (Fig. 1). At 1-month follow-
up, the speech deficits severity was stable in the ACS
group compared to the assessment immediately post-
treatment, but group D/ACS showed a trend of further
improvement (0.06; 25%,p = 0.075). The final score
for this group had significantly improved at final out-
come when compared to baseline (p = 0.009).

5.3. EEG results

Visual inspection of the EEG data revealed typical
pattern of bioelectrical activity changes across the eval-
uation period. Initially, focal theta-waves were seen in
the projection of the temporal and/or frontal lobes of
the intact hemisphere. After rtACS in the lesioned side
we noted periodically bilateral synchronization which
finally (at follow up) had developed to a symmetrically
distribution between both hemispheres. The findings
can be interpreted as temporal limbic system involve-
ment. Taking into account that the projection of the lim-
bic system onto the scalp surface corresponds well with
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the central line electrodes we measured the changes of
coherence values between T3 and T4 temporal brain
sites of both hemispheres. Coherence function was
calculated for theta-activity which reflects deep brain
structure activities. The coherence function dynamics
are shown in Fig. 2.

Coherence values at baseline for temporal sites of
both hemispheres showed no significant difference be-
tween groups. After the 12-day treatment course, co-
herence for the control group (D) was increased by only
0.07 (15.9%, ns), whereas both ACS groups showed in-
creased coherencevalues of 0.14 (31.4%,p = 0.06) and
0.17 (37%,p = 0.03) for the ACS and D/ACS group,
respectively. Follow-up examinations confirmed im-
provements of interhemispheric interaction as indicat-
ed by coherence values> 0.7 (p < 0.01) for both ACS
groups. This was not seen in the control group D. Non-
parametric correlation analyses (Spearman rank test)
revealed that the difference of the pre- and post-rtACS
coherence value between T3-T4 channels was correlat-
ed with changes of SSL only in the ACS and D/ACS
group (r = 0.29,p = 0.048 andr = 0.34,p = 0.02),
but not in the control group D (r = 0.04, n.s.).

6. Discussion

Both animal and human studies show that non-
invasive brain stimulation with tDCS or TMS can mod-
ulate plasticity in post-stroke recovery (Ward and Co-
hen, 2005; Gerloff et al., 2006). The results of the
present study using an alternating current stimulation
protocol are in line with findings by different research
groups which showed that inhibition of cortical ex-
citability of the primary motor area (Ml) of the contrale-
sional hemisphere promotes recovery of function of the
affected hand after stroke. These studies reported sig-
nificant improvements of motor function of the affected
hand after inhibitory TMS over the contralesional Ml
(Mansur et al., 2005; Takeuchi et al., 2005; Nowak et
al., 2009). Application of inhibitory (1 Hz) TMS over
the contralesional M1 reduced the inhibitoryeffect onto
lesioned M1 which led to improvement of motor func-
tions of the affected hand in subcortical stroke (Kirton
et al., 2008). The combination of anodal tDCS over the
ipsilesional Ml with peripheral nerve stimulation of the
affected hand seems more effective than anodal tDCS
alone (Celnik et al., 2009). Fregni et al. (2005) showed
that tDCS significantly improved hand function in the
Jebsen-Taylor Hand Test in chronic stroke patients.

Fig. 2. Coherence dynamics during rtACS. T3-T4 sites coherence
function changes for control group (I), group ACS (II) and group
D/ACS. Averaged coherence values displayed as M± SEM before
therapy (A), after 12 days (B) and one month follow-up (C). * -
difference between A&B atp < 0.05, ** - difference between A&C
atp < 0.05.

Even stroke-induced cognitive deficits were dimin-
ished by stimulation of the frontal lobe as indicated by
an increased speed in reaction time (Marshall et al.,
2005) and improvement of working memory (Fregni et
al., 2005; Jo et al., 2009). In the language domain, Mar-
tin et al. (2004) observed improvements in the ability
to name objects and people after inhibition of anterior
parts of the inferior frontal gyrus. Further, significant
improvements (34%) in picture naming were observed
after cathodal tDCS over the left frontotemporal areas
in patients with non-fluent aphasia (Monti et al., 2008).

The neurological improvements we have seen after
rtACS can not be explained by spontaneous recovery
because all patients were treated in the chronic phase
(22.1± 8.3 months after stroke), i.e. well after the ini-
tial recovery phase. When applied for 12 days rtACS
led to partial recovery in different neurological func-
tions. These improvements were stable at a 1-month
follow-up. At follow-up some patients even showed
additional recovery. Decreased SSL scores and im-
provements in aphasic symptoms were observed. Be-
cause there was greater interhemispheric EEG coher-
ence (synchrony) between the temporal lobes of both
hemispheres we propose that changes of interhemi-
spheric balance are possible mechanisms of rtACS-
induced recovery. Specifically, before treatment, co-
herence function of the theta range revealed functional
(frequency) links, located only on the side of the in-
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tact hemisphere but absent on the stroke side. After
12 daily rtACS sessions, coherence analysis revealed
newly formed interhemispheric links of the intact hemi-
sphere with the lesioned side (in the projection zone of
the limbic system) and this was accompanied by few-
er functional links on the intact side. After 1-month
follow-up the coherence analysis confirmed new func-
tional connections between temporal sites of both hemi-
spheres. Our overall interpretation is that rtACS is not
only able to modulate activity in selected brain regions
of the intact hemisphere, but it modulates the damaged
hemisphere as well. The combined modulation in both
hemispheres may contribute to the recovery of neu-
rological functions. We presume that rtACS-induced
recovery from stroke is mediated by the recruitment
of pre-existing network elements (Chen et al., 2001;
Hummel et al., 2003) and the strengthening of synaptic
plasticity in a more widely distributed network, i.e. the
effect is not limited to localized regions.

This interpretation is in line with behavioral exper-
iments indicating that both hemispheres contribute to
recovery of function after stroke (Cramer, 2004). Be-
cause in the present study the correlation links were
located in temporal lobes, i.e. the projection zone of
limbic structures, we postulate that recovery is not sim-
ply due to cortical plasticity but that structures located
deep in the brain also contribute to recovery but this
requires further experimentation.

In any event, our data are in agreement with other
studies where improved interhemispheric interactions
(balance) were observed during recovery from brain
injury (Ward et al., 2003; Carter et al., 2010).

The observed improvements of aphasic symptoms
are in line with findings of language learning studies
with healthy subjects that showed with coherence mea-
sures that brain structures involved in learning – such as
the hippocampus – mediate initial learning of lexical,
semantic and syntactic knowledge (Classen et al., 1998;
Miltner et al., 1999; Chen et al., 2001). We suspect that
coherence in the investigated stroke patients is likely
caused by activity of sensorimotor and premotor cor-
tices in the intact hemispheres, signifying integration
of both areas into a functioning network.

The present study was not designed to answer the
question whether recovery after stroke is based on cer-
tain cellular mechanisms of recovery such as axonal
sprouting or the formation of new synapses. Whatever
the mechanism may be, non-invasive brain stimulation
is a promising approach to improve neurological func-
tions in patients after stroke. However, further studies
are required to better understand the mechanisms in-
duced by rtACS and larger scale double-blind, sham-
controlled clinical trials are now warranted.

Acknowledgments

We would like to thank Alexandra Chibisova chief
of the laboratory of sensory system of the Human Brain
Institute for her comprehensive help and advice andalso
the neurology team of the Human Brain Institute and
the Mechnikov Medical Academy (both are in Saint-
Petersburg, Russia) for their help with diagnostic and
therapeutic procedures.

References

Abraham, W.C. & Bear, M. F., (1996). Metaplasticity: the plasticity
of synaptic plasticity.Brain Stim, 19, 126-130.

Antal, A., Boros, K., Poreisz, C., Chaieb, L., Terney, D. & Paulus,
W. (2008). Comparatively weak after-effects of transcranial
alternating current stimulation (tACS) on cortical excitability
in humans.Brain Stim, 1, 97-105.

Calford, M. B. & Tweedale, R. (1990). Interhemispheric transfer
of plasticity in the cerebral cortex.Sci, 249, 805-807.

Carter, A.R., Astafiev, S.V., Lang, C., Connor, L.T., Rengachary,
J., Strube, M.J., Pope, D.L.W., Shulman, G.L. & Corbetta, M.
(2010). Resting interhemispheric functional magnetic reso-
nance imaging connectivity predicts performance after stroke.
Ann Neurol, 67, 365-375.

Celnik, P., Paik, N., Vandermeeren, Y., Dimyan, M. & Cohen, L.G.
(2009). Effects of combined peripheral nerve stimulation and
brain polarization on performance of a motor sequence task
after chronic stroke.Stroke, 40, 1764-1771.

Chen, R., Garg, R., Lozano, A. & Lang, A. (2001). Effects of in-
ternal globus pallidus stimulation on motor cortex excitability.
Neurology, 56, 716-723.

Chibisova, A., Fedorov, A. & Fedorov, N. (2001). Neurophysiolog-
ical characteristics of compensation-recovery processesin the
brain during rehabilitation of the neurosensory impairment of
the visual and acoustic systems.Fiziol Cheloveka, 27, 14-21.

Classen, J., Gerloff, C., Honda, M. & Hallett, M. (1998). Inte-
grative visuomotor behavior is associated with interregionally
coherent oscillations in the human brain.J Neurophys, 79,
1567-1573.

Cramer, S.C. (2004). Functional imaging in stroke recovery. Stroke,
35, 2695-2698.

Fedorov, A.B., Chibisova, A.M. & Tchibissova, J.M. (2005).Im-
pulse modulating therapeutic electrical stimulation (IMTES)
increases visual field size in patients with optic nerve lesions.
Int Congr Ser, 1282, 525-529.

Fedorov, A.B., Jobke, S., Chibisova, A.N., Chibisova, J.M., Gall,
C. & Sabel, B.A. (2010). Restoration of vision: non-invasive
current stimulation enhances brain synchronisation afteroptic
nerve damage – a retrospective observational study with 446
patients. World Ophthalmology Congress, Berlin, Germany,
June 5-9, 2010.

Ferbert, A., Priori, A., Rothwell, J.C., Day, B.L., Colebatch, J.G.
& Marsden, C.D. (1992). Interhemispheric inhibition of the
human motor cortex.J Physiol, 453, 525-546.



832 A. Fedorov et al. / Electrical stimulation after stroke

Fregni, F., Boggio, P.S., Mansur, C.G., Wagner, T., Ferreira, M.J.L.,
Lima, M.C., Rigonatti, S.P., Marcolin, M.A., Freedman, S.D.,
Nitsche, M.A. & Pascual-Leone, A. (2005). Transcranial di-
rect current stimulation of the unaffected hemisphere in stroke
patients.NeuroReport, 16, 1551-1555.

Gall, C., Fedorov, A.B., Ernst, L., Borrmann, A. & Sabel, B.A.
(2010). Repetitive transorbital alternating current stimulation
(rtACS) in optic neuropathy.Neurorehabil,in press.

Gandiga, P., Hummel, F. & Cohen, L. (2006). Transcranial DC
stimulation (tDCS): a tool for double-blind sham-controlled
clinical studies in brain stimulation.Clin Neurophysiol, 117,
845-850.

Gerloff, C., Bushara, K., Sailer, A., Wassermann, E. M., Chen,
R., Matsuoka, T., Waldvogel, D., Wittenberg, G.F., Ischii,
K., Cohen, L.G. & Hallett, M. (2006). Multimodal imaging
of brain reorganization in motor areas of the contralesional
hemisphere of well recovered patients after capsular stroke.
Brain, 129, 791-808.

Hanslmayr, S., Sauseng, P., Dopplmayr, M., Schabus, M. &
Klimesch, W. (2005). Increasing individual alpha power by
neurofeedback improves cognitive performance in human sub-
jects.Appl Psychophysiol Biofeedback 30, 1-10.

Hilgetag, C.C., Th́eoret, H. & Pascual-Leone, A. (2001). Enhanced
visual spatial attention ipsilateral to rTMS-induced ‘virtual
lesions’ of human parietal cortex.Nat Neurosci, 4, 953-957.

Hummel, F., Kirsammer, R. & Gerloff, C. (2003). Ipsilateralcorti-
cal activation during finger sequences of increasing complex-
ity: representation of movement difficulty or memory load?
Clin Neurophysiol, 114, 605-613.

Jo, J.M., Kim, Y.-H., Ko, M.-H., Ohn, S.H., Joen, B. & Lee, K.H.
(2009). Enhancing the working memory of stroke patients
using tDCS.Am J Phys Med Rehabil, 88, 404-409.

Kanai, R., Chaieb, L., Antal, A., Walsh, V. & Paulus, W. (2008).
Frequency-dependent electrical stimulation of the visualcor-
tex. Curr biol, 18, 1839-1843.

Kanai, R., Paulus, W. & Walsh, V. (2010). Transcranial alternat-
ing current stimulation (tACS) modulates cortical excitabili-
ty as assessed by TMS-induced phosphene thresholds.Clin
Neurophysiol, 121, 1551-1554.

Kirton, A., Chen, R., Friefeld, S., Gunraj, C., Pontigon, A.M.
& deVeber, G. (2008). Contralesional repetitive transcranial
magnetic stimulation for chronic hemiparesis in subcortical
paediatric stroke: a randomised trial.Lancet Neurology, 7,
507-513.

Klimesch, W., Sauseng, P. & Gerloff, C. (2003). Enhancing cogni-
tive performance with repetitive transcranial magnetic stimu-
lation at human individual alpha frequency.Eur J Neurosci,17,
1129-1133.

Maeda, F., Keenan, J.P., Tormos, J.M., Topka, H. & Pascual-Leone,
A. (2000). Interindividual variability of the modulatory ef-
fects of repetitive transcranial magnetic stimulation on cortical
excitability. Exp Brain Res, 133, 425-430.

Mansur, C.G., Fregni, F., Boggio, P.S., Riberto, M., Gallucci-Neto,
J., Santos, C.M., Wagner, T., Rigonatti, S.P., Marcolin, M.A.
& Pascual-Leone, A. (2005). A sham stimulation-controlled
trial of rTMS of the unaffected hemisphere in stroke patients.
Neurology, 64, 1802-1804.

Marshall, L., Mölle, M., Siebner, H.R. & Born, J. (2005). Bifrontal
transcranial direct current stimulation slows reaction time in a
working memory task.BMC Neurosci, 6, 23.

Martin, P.I., Naeser, M.A., Theoret, H., Tormos, J.M., Nicholas,
M., Kurland, J., Fregni, F., Seekins, H., Doron, K. & Pascual-
Leone, A. (2004). Transcranial magnetic stimulation as a
complementary treatment for aphasia.Semin Speech Lang, 25,
181-191.

Miltner, W.H.R., Braun, C., Arnold, M., Witte, H. & Taub, E.
(1999). Coherence of gamma-band EEG activity as a basis for
associative learning.Nature, 397, 434-436.

Monti, A., Cogiamanian, F., Marceglia, S., Ferrucci, R., Mameli, F.,
Mrakic-Sposta, S., Vergari, M., Zago, S. & Priori, A. (2008).
Improved naming after transcranial direct current stimulation
in aphasia.J Neurol Neurosurg Psychiatry, 79, 451-453.

Murase, N., Duque., J., Mazzocchio, R. & Cohen, L.G. (2004).
Influence of interhemispheric interactions on motor function
in chronic stroke.Ann Neurol, 55, 400-409.

Naeser, M.A., Martin, P.I., Nicholas, M., Baker, E.H., Seekins,
H., Kobayashi, M., Theoret, H., Fregni, F., Maria-Tormos,
J., Kurland, J., Doron, K.W. & Pascual-Leone, A. (2005).
Improved picture naming in chronic aphasia after TMS to part
of right Broca’s area: An open-protocol study.Brain Lang,
93, 95-105.

Nitsche, M. A., Seeber, A., Frommann, K., Klein, C. C., Rochford,
C., Nitsche, M. S., Fricke, K., Liebetanz, D., Lang, N., Antal,
A., Paulus, W. & Tergau, F. (2005). Modulating parameters of
excitability during and after transcranial direct currentstimu-
lation of the human motor cortex.J Physiol, 568, 291-303.

Nowak, D., Grefkes, C., Ameli, M. & Fink, G. (2009). Interhemi-
spheric competition after stroke: brain stimulation to enhance
recovery of function of the affected hand.Neuroreha Neural
Rep, 23, 641-656.

Oliveri, M., Bisiach, E., Brighina, F., Piazza, A., La Bua, V. & Buffa,
D. (2001). rTMS of the unaffected hemisphere transiently
reduces contralesional visuospatial hemineglect.Neurology,
57, 1338-1340.

Pascual-Leone, A., Walsh, V. & Rothwell, J. (2000). Transcranial
magnetic stimulation in cognitive neuroscience-virtual lesion,
chronometry, and functional connectivity.Curr Opin Neuro-
biol, 10, 232-237.

Paulus, W. (2003). Transcranial direct current stimulation (tDCS).
Suppl Clin Neurophysiol, 56, 249-254.

Rich, M. & Wenner, P. (2007). Sensing and expressing homeostatic
synaptic plasticity. Trends Neurosci, 30, 119-125.

Sabel, B.A., Fedorov, A.B., Herrmann, C. & Gall, C. (2010).
Restoration of vision: Non-invasive current stimulation for the
treatment of visual field defects in optic neuropathy – a single-
center prospective trial. World Ophthalmology Congress,
Berlin, Germany, June 5–9, 2010.

Schutter, D. & Hortensius, R. (2010). Retinal origin of phosphenes
to transcranial alternating current stimulation.Clin Neuro-
physiol, 121, 1080-1084.

Siebner, H. & Rothwell, J. (2003). Transcranial magnetic stimula-
tion: new insights into representational cortical plasticity. Exp
Brain Res, 148, 1-16.

Sprague, J. M. (1966). Interaction of cortex and superior colliculus
in mediation of visually guided behavior in the cat.Sci, 153,
1544-1547.

Takeuchi, N., Chuma, T., Matsuo, Y., Watanabe, I. & Ikoma, K.
(2005). Repetitive transcranial magnetic stimulation of con-
tralesional primary motor cortex improves hand function after
stroke.Stroke, 36, 2681-2686.



A. Fedorov et al. / Electrical stimulation after stroke 833

Turrigiano, G.G. & Nelson, S.B. (2004). Homeostatic plasticity in
the developing nervous system.Nat Rev Neurosci, 5, 97-107.

Ward, N.S. (2005). Mechanisms underlying recovery of motor
function after stroke.Postgrad Med J, 81, 510-514.

Ward, N.S., Brown, M.M., Thompson, A.J. & Frackowiak, R.S.J.
(2003). Neural correlates of outcome after stroke: a cross-

sectional fMRI study.Brain, 126, 1430-1448.

Wassermann, E. M. & Grafman, J. (2005). Recharging cognition
with DC brain polarization.Trends Cog Sci, 9, 503-505.

Zaehle, T., Rach, S. & Herrmann, C.S. (2010). Transcranial alter-
nating current stimulation enhances individual alpha activity
in human EEG.Plos One 5(11), e13766.


