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Abstract

Stroke is one of the major causes of incapacity worldwide. More specifically,
the visual impairments after stroke can lead to substantial losses in the activities
of daily living and bring great impact upon an individual's sense of well-being and
independence. The development of novelty rehabilitation strategies to promote
the recovery of visual function after stroke is of great importance. Transcranial
direct current stimulation (tDCS) is a neuromodulatory technique with increasing
popularity in the fields of basic research and rehabilitation. Despite the significant
number of studies involving tDCS in rehabilitation after stroke, there are few
published studies that specifically involve treatment of visual processing deficits.
The aim of this review is to describe and discuss the research using tDCS in
visual rehabilitation after stroke and to encourage future investigation on visual
processing using tDCS as a tool in rehabilitation after brain lesions. Studies
have pointed out that tDCS applied to the occipital cortex has demonstrated
good results, with important effects on visual field rehabilitation in hemianopia,
motion perception and color discrimination. Although some successes have
been achieved in recent years, a lot of questions still need to be understood and
others asked. All of this is in order to improve protocols used and, thus, obtain

better results.
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Abbreviations

tDCS: Transcranial Direct Current Stimulation; ADL: Activities
of Daily Living; HH: Homonymous Hemianopia; tPA: Intravenous
Thrombolytic Treatment; TCI: Alteration in Transcallosal Inhibition;
VRT: Visual Rehabilitation Training; EEG: Electroencephalography;
fMRI: Functional Magnetic Resonance Imaging; HRP: High-
Resolution Perimetry; QOL: Quality of Life

Introduction

Every year, about 16.9 million people worldwide suffer their
first stroke [1]. This is an alarming number which generates a
serious impact on society and on public health. Stroke survivors can
experience different kinds of sequelae such as cognitive, motor and
sensory perception deficits [2,3]. These consequences can lead to
substantial losses in the activities of daily living (ADL) and quality
of life [4,5]. More specifically, the visual impairments after stroke
include eye movement disorders, perceptual deficits and visual field
defects [6]. Visual field defects are a consequence of posterior strokes,
and occur on one side of the visual field, usually in both eyes. This
condition, called homonymous hemianopia (HH), is reported in up
to 57% of patients during 3 months post event. After this period, a
complete recovery of visual fields can occurs in up to 44% of cases and
the partial recovery in up to 72% [7-9]. In addition, this kind of sequel
can profoundly affect many important ADL, including reading,
performing visual searches, driving [5,6] and navigating safely within
one’s environment [10,11]. Thus, it is possible to realize that all kinds
of visual deficits bring great impacts upon an individual’s sense of
well-being and independence [12].

Intravenous thrombolytic treatment (tPA) has been successful
in reversing visual impairments in the hyperacute phase of
ischemic stroke; however, this treatment is only indicated when the
neuronal tissue is not yet permanently damaged by the ischemia
[13]. Nevertheless, once tissue damage has developed, spontaneous
recovery is unpredictable and often incomplete [14]. Therefore, the
development of novelty rehabilitation strategies to promote the
recovery of visual function after stroke is of great importance [15].

Studies using human clinical trials and animal models have
pointed towards evidence of the brain’s potential to reorganize itself
within the context of functional recovery after injury [16-18]. Thus,
identifying interventions that can promote and modulate these
mechanisms seems very important to improving rehabilitation after
stroke. In this context, noninvasive cortical stimulation techniques,
such as transcranial direct current stimulation (tDCS), have gained
prominence in neuro rehabilitation research as a reason of their
potential to improve neuro plastic mechanisms associated with
functional recovery [19,20].

Transcranial direct current stimulation (tDCS)

Studies that involve transcranial direct current stimulation (tDCS)
are growing in frequency. In 2000, a PubMed database search using
the search terms of tDCS produced only four articles. In 2013, the
same search produced approximately 370 references [21]. Nowadays,
three years after the study by Barry Hill, et al. [21], it is possible to
find more than 2,500 studies involving tDCS in the PubMed database.

The technique

The method tDCS is a non-invasive neuromodulation method
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Figure 1: Flowchart of the systematic review.

for delivering low-intensity polarizing electrical currents to the brain
cortex [22]. The use of two electrodes (anode and cathode) placed on
the scalp can favor neuronal activity [23]. These electrodes are often
large (25-35 cm’), and the current intensity varies between 1 and 2
mA [24]. The current flows from the anode to the cathode electrode,
and depending on the electrode positioning, may modulate the
resting membrane potential of neurons to be closer or more distant
from the firing threshold [22,24]. In general, the anode electrode
produces an excitatory modulation while the cathode electrode
produces an inhibitory effect. However, some studies point to results
with the opposite outcome.

The main mechanism which explains tDCS effects is their capacity
to modulate the resting membrane potentials of the stimulated area.
In synthesis, is possible to claim that anodal tDCS can causes the
resting membrane potential to become more positive, and, as a result,
it makes the cell more responsive. On the other hand, the cathodal
stimulation will lead to cell hyperpolarization, what difficult the
neural impulse [25,26]. To elucidate this action, a study has delivered
calcium and sodium channel blockers and noted the in activation of
anodal tDCS effects. For more information, see Nitsche, et al [25, 26].
Other studies propose, as mechanism of action, which tDCS alters the
levels of gamma-aminobutyric acid (GABA) and glutamate and it can
alter the cortical excitability [27-29].

Moreover, it is important to highlight that tDCS effects seem to
be site specific, so, moving the electrodes just a few centimeters can
dramatically alter the results. Despite this, effects of tDCS are not site
limited, what means that the stimulation can affect different areas
and not only focus under the electrodes [22-24,30,31]. The safety
profiles, reasonable cost, and promising findings have contributed to
highlighting the technique [21]. As a therapeutic tool, tDCS has been
used, for example, in rehabilitation in Parkinson’s disease [32,33],
Alzheimer’s disease [34,35] and chronic pain [36,37].

tDCS in stroke

Studies evaluating the effects of tDCS on stroke have presented
well-structured protocols and consistent results. In addition, a variety

of sequelae resulting from stroke have shown improvements after
different stimulation protocols of tDCS. As an example, it is possible
to mention improvements on aphasia [38,39], cognitive functions
[40,41] and motor rehabilitation [41-44].

The neurobiological basis of functional recovery after neuro
stimulation in stroke patients has their foundation in the inter-
hemispheric imbalance theory that occurs after vascular injury [45].
The interhemispheric imbalance theory suggests an alteration in
transcallosal inhibition (TCI), in which inhibition exerted from the
ipsilesional hemisphere (lesioned) on the contralesional hemisphere
(intact) is weaker than inhibition exerted from the contralesional
hemisphere on the ipsilesional hemisphere [46-48]. Restoring
the interhemispheric balance by modulating brain activity can be
achieved through the use of tDCS [24,26,49,50].

Literature search strategy

Despite the significant number of studies involving tDCS in
rehabilitation after stroke, there are only a few published studies that
specifically involve treatment of visual processing. Thus, the aim of
this review is to describe and discuss the research using tDCS in visual
rehabilitation after stroke.

For this purpose, three databases were consulted: PubMed,
Scopus and Web of Science for the years 1996-2016. The search
terms used were: “tDCS stroke visual function”, “Stroke tDCS visual
cortex”, “Stroke tDCS contrast sensitivity” and “Stroke tDCS human
color discrimination”. All articles selected were published in English.
As a final result, we found 6 studies that involve neuromodulation
by tDCS on specific visual losses after stroke. We opted to exclude
studies about hemineglect, since this deficiency involves a complexity
of functions beyond visual processing. A flowchart of the systematic
review (Figure 1) summarizes the literature search strategy.

tDCS in the rehabilitation of visual processing after stroke

tDCS and visual restoration therapy (VRT) in hemianopic
patients: One of the first studies that involves tDCS and visual
rehabilitation after stroke was developed by Halko, et al. [51]. This
study combined fMRI to characterize regional changes in brain
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activity with an individualized, high-resolution computational
model of brain current flow in a patient who underwent a successful
combined visual rehabilitation and tDCS training protocol. For the
authors, this study provides the first report demonstrating correlative
effects of regional brain current flow during tDCS with brain activity
characterized by fMRI.

Therefore, the study count was with a 61-year-old patient, right-
handed, female, diagnosed with a right homonymous hemianopia
following a left posterior cerebral artery stroke in the chronic phase of
recovery. As part of her rehabilitative training, the patient underwent
2 half-hour sessions, 3 days a week during 3 months of Visual
Restoration Therapy combined with concurrent tDCS.

During the procedure, she was instructed to detect and respond to
a series of light stimuli presented primarily within the border between
the areas of affected and unaffected vision. In conjunction with visual
rehabilitation training (VRT), tDCS was delivered concurrently using
an electrode configuration designed to up regulate occipital cortex
excitability, and known to enhance visuoperceptual functioning in
healthy participants in which it was previously used [23,52,53]. For
this purpose, two electrodes (5 x 7 cm; 35 cm surface area) were used,
with the anode electrode placed overlying the Oz position, and the
reference (cathode) electrode placed over Cz (vertex), following the
10-20 International EEG coordinate system. With this configuration,
it was possible to bilaterally stimulate both the lesioned and non-
lesioned hemispheres. The electrodes were then connected to a battery
operated unit delivering a continuous 2 mA current for the entire
duration of VRT training. The current was delivered continuously
throughout the 30-minute training sessions.

The results indicate that the association of tDCS with TRV over
three months led to visual field improvements equivalent to the ones
expected for a six-month treatment with VRT alone. The authors also
point out that the changes in the fMRI signal found during treatment
were significantly correlated with the modeled electric field induced
by tDCS, supporting the role of tDCS as a visual rehabilitation booster.

After the first case study showed promising results, the same
research group tried to strengthen the adequacy of the tDCS and
VRT combination for rehabilitation of the visual field. For this
purpose, Plow, et al. [54] developed a study that aimed to standardize
a protocol for promoting visual rehabilitative outcomes in post-
stroke hemianopia, by combining occipital cortical tDCS with VRT.
The study had a small sample which was comprised of two patients.
Patients 1 and 2 (both women, aged 61 and 62 years, respectively)
were both diagnosed with right-sided hemianopic visual field loss
resulting from ischemic stroke, and were in the chronic phase of visual
recovery. Patient 1 was randomly assigned to receive VRT combined
with active tDCS, whereas patient 2 received VRT combined with
sham tDCS. Both patients underwent an identical VRT and tDCS
protocol used by Halko, et al. [51]. In patient 1, anodal tDCS was
delivered to the occipital cortex during VRT training, whereas in
patient 2, sham tDCS with VRT was performed. Specifically in
patient 1, once the current was adjusted to the 2 mA/min target, it was
sustained throughout the duration of VRT training. For patient 2, the
current was ramped down (to zero) after initial habituation. Thus,
both patients remained unaware as to whether they were receiving
active or sham tDCS. Outcomes were assessed at baseline (pretest)

and at monthly intervals until completion of the 3-month training
period (post-test). Visual field evaluations were applied by using
high-resolution perimetry (HRP) and functional outcomes measures.
The authors also incorporated fMRI to identify patterns of activation
associated with recovery of function. The fMRI data were collected at
baseline and at post-test for patient 1.

As a result, the high-resolution perimetry revealed a greater
shift in visual field borders for patient 1 versus patient 2. Patient 1
also showed greater recovery of function in activities of daily living
(ADL). Nevertheless, contrary to the expectation, patient 2 perceived
greater subjective improvement in visual field despite objective high-
resolution perimetry results that indicated otherwise. In patient 1,
visual function recovery was associated with functional magnetic
resonance imaging activity in surviving peri-lesional and bilateral
higher-order visual areas. The results corroborate the hypothesis that
the combination of visual rehabilitative training and noninvasive
brain stimulation leads to an increase in functional visual recovery
compared with visual rehabilitation alone.

In a subsequent study, Plow, et al. [55] investigated the same
protocol (VRT and tDCS), but with a larger sample. The authors used
a sample of 8 patients with unilateral postchiasmal visual field loss
following stroke or brain damage, who were in the chronic phase of
recovery. Participants were randomly assigned to 1 of 2 arms: VRT
with active tDCS or VRT with sham tDCS. The outcome measures
included objective and subjective changes in visual field, recording
of visual fixation performance, and vision-related activities of daily
living (ADLs) and quality of life (QOL).

As a result, the VRT and tDCS group demonstrated significantly
greater expansion in visual field and improvement on ADLs
compared with the VRT and sham group. However, the same
unexpected result found in Plow, et al. [54] was observed: the
subjective perception of visual field change was greater in the VRT
and sham group. In addition, QOL did not change for either group.
To investigate the stability of the effects as a result of the intervention,
the authors compared performance on ADLs and impact on QOL
and participation in life roles between the posttest and 6-month
follow-up in 5 patients. Improvements appeared to be stable, because
no significant difference was observed during this follow-up period.
Again, it was possible to conclude that the combination of occipital
cortical tDCS with visual field rehabilitation appears to enhance
visual functional outcomes compared with visual rehabilitation alone.
TDCS may enhance inherent mechanisms of plasticity associated
with training.

After these previous reports pointed out that tDCS delivered
to the occipital cortex enhances visual functional recovery when
combined with rehabilitative training in patients with hemianopia,
Plow, et al. [56] evaluated the temporal sequence of effects of tDCS
on visual recovery, as they appear over the course of training and
across different indicators of visual function. Therefore, the same
intervention protocol used by Plow, et al. [54] and Plow, et al. [55]
was applied in Twelve Patients previously diagnosed with unilateral
post-chiasmal visual field loss due to stroke or surgical trauma. All
Patients were in the chronic stage of recovery. The participants were
randomized to one of two possible study arms: VRT combined with
active tDCS or VRT combined with sham tDCS.
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Table 1: Parameters and details for each study discussed in the section “tDCS in the rehabilitation of visual processing after stroke”.

Location
of target Location of return
Reference electrode electrolde Stimulation parameters | Stimulation types | tDCS protocol Sample size Main Result
(international
10-20 system)
2.0 mA. for Visual field improvements
Halko, et al Oz, 35 cm? 30 min equivalent to the ones
' ’ ’ Cz, 35 cm? (twice a day), 3 sessions Anodal Online Case study .
[45] a expected for a six-month
treatment with VRT alone
week over 3 months
2.0 mA for Greater shift in visual field
0Oz,35cm 30 min
Plow, etal. 2 Cz, 35 cm® (twice a day), 3 sessions | Anodal, sham Online Twoparticipants borders and recovery of
[48] ya’ ’ P P function in ADL for patient
week over 3 months 1 versus patient 2
2.0 mA for
2.0 mA for Greater expansion in visual
Oz, 35cm . ) .
Plow, et al. 5 Cz, 35 cm? 30 min Anodal. sham Online Eihtparticipants field and improvement on
[49] (twice a day), 3 sessions ’ gntp P ADLs compared with the
a VRT and sham group
week over 3 months
Active tDCS accelerated
2.0 mA for .
0Oz, 35 cm 30 min the recovery of stimulus
Plow, et al. ’ 2 Cz, 35 cm® (twice a day), 3 sessions Anodal, sham Online Twelveparticipants detection within the first
[50] ya’ ’ P P month of training. Shift in
the visual field border was
week over 3 months )
only evident at posttest
N . Improvement in motion
Olma. et al I\<I/F;I-;i§r(|:\::d Cz 35 cm? 1.5 mA for perception. This effect
! ’ ’ ’ 20 min (5 Anodal, sham Offline Twelveparticipants | was still measurable at 14-
[51] 2 .
consecutivdays) day and 28-day follow-up
measurements.
‘MRI-derived In the a_noo_ial_cor?dltlon,
Dargie, et V1 25 cm Cz 35 cm? 1.5 mA for colour discrimination was
! ’ ’ 20 min (5 Anodal, sham Offline Twelveparticipants improved compared to
al. [52] 2 )
consecutivdays sham on day 5 and at two
and four-week follow-ups.

Studies in chronological order
“studies that do not employ the International 10-20 electrode placement system.

Primary outcome measures shift in visual field border and
stimulus detection accuracy within the affected hemifield were
collected at baseline (pretest), with monthly interim intervals, and
at posttest (3 months). The secondary outcome measures contrast
sensitivity and reading performance, and was collected at pretest
and posttest time-points only. The results were compared between
patients randomized to either VRT combined with active tDCS, or
VRT paired with sham tDCS.

The results had shown that active tDCS combined with VRT
accelerated the recovery of stimulus detection as between-group
differences appeared within the first month of training. In contrast,
a shift in the visual field border was only evident at posttest (after
3 months of training). The method of tDCS did not present effects
on contrast sensitivity or reading performance. The results presented
suggest that tDCS may affect the magnitude and sequence of visual
recovery differentially, in a manner that is task-specific and related to
the visual rehabilitative training strategy employed.

tDCS effects on motion perception and color discrimination:
Studies suggest that tDCS effects on visual perception of stroke
patients may not be limited to improvements in visual field border or
contrast sensitivity. Olma, et al. [57] developed a study where motion
perception was investigated in the unaffected hemifield of subjects
with unilateral visual cortex lesions. Twelve subjects participated
in the study, all had a history of ischemic stroke and chronic
homonymous visual field defects. Subjects were, thus, in comparable

chronic post-stroke phases.

The study followed a within-subject, repeated-measures, crossover
design, comprising two blocks, each with 5-days of stimulation per
week with daily measurements, then two follow-up measurements at
2 and 4 weeks. Motion perception was tested through computerized
campimetric tests of color and motion detection, and automated
threshold perimetry before and after stimulation sessions. Each
subject received both anodal and sham intervention, and the two
stimulation conditions were counterbalanced between blocks: six
subjects received anodal tDCS in the first block, while six received it
in the second block.

The anode (5 cm x 5 cm anodal electrode) was applied over the
calcarine sulcus (ipsilateral to the lesion, aided by 1.5 T Magnetom
Vision MRI scanner-guided neuronavigation) and the reference (7
cm x 5 cm reference cathode electrode) was placed over Cz (vertex),
based on the 10-20 International EEG Coordinate System. Anodal
and sham tDCS were administered for 20 min during stimulation
sessions. Anodal tDCS was applied at a current of 1.5 mA, giving a
current density of 0.06 mA/cm?

Serial anodal tDCS over the visual cortex resulted in an
improvement in motion perception. This effect was still measurable at
14-day and 28-day follow-up measurements. Thus, this may represent
evidence for long-term tDCS-induced plasticity, and has implications
for the design of studies examining the time course of tDCS effects in
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the visual system.

Another within-subject, sham-controlled, double-blinded study
showed an important result about color discrimination. Dargie, et al.
[58] evaluated whether serial anodal tDCS can induce long-lasting
improvements in color discrimination in the unimpaired visual
hemifield of patients with occipital stroke. The same protocol used
in Olma, et al. [57] was used in twelve chronic stroke patients with
unilateral visual cortex lesions. Campimetric testing of age-matched
color discrimination was performed in the unaffected hemifield
before and after each stimulation session, and at 14-and 28-day
follow-ups. No significant difference was seen between the baselines
of anodal and sham conditions. However, in the anodal condition,
color discrimination was improved compared to sham on day 5 and
at two and four-week follow-ups.

Table 1 summarizes the stimulation parameters and outcome
measures for each of the cited studies conducted with tDCS for visual
processing rehabilitation after stroke.

Discussion

Despite the few studies involving tDCS in the rehabilitation of
visual functions after stroke, it is important to recognize that, in
just five years, some relevant achievements have been made both
to the development of basic research and for clinical research. The
study by Halko, et al. [51] was the first to propose that tDCS can be
used in rehabilitation of visual processing in patients in the chronic
phase of stroke. Thus, the first successful intervention protocol on
visual rehabilitation after stroke was proposed and, in addition, the
brain changes resulting from the application of tDCS in V1 were
characterized. This study was of great importance in order to initiate
research in this specific field, and provide theoretical and practical
insights for future studies.

Plow, et al. [54-56] gave continuity to the studies on the subject
and confirmed the hypothesis that tDCS can lead to an expansion
of the visual field in patients with hemianopia in the chronic phase
of stroke. Moreover, the results indicate a temporal stability of the
obtained effects. By adding other objective measures, such as contrast
sensitivity and reading skills, as well as subjective measures such as
quality oflife and functional performance, these studies supplemented
the knowledge about the effects of tDCS in visual rehabilitation.
Olman, et al. [57] and Dargie, et al. [58] indicated that the effects of
tDCS visual rehabilitation was not limited to improvements in the
visual field or contrast sensitivity, and reported that the anodic tDCS
on the visual cortex can result in improvement in motion perception
and color discrimination.

Despite the successes achieved in recent years, some questions
and gaps still need to be understood, and new questions must be
asked. All of this in order to improve protocols and, thus, obtain
better results.

A first point worth mentioning is the lack of studies involving
visual processing rehabilitation in the sub-acute phase of stroke. Even
though most of the studies on stroke in chronic phase show good
results for tDCS, it is possible that even better results can arise if
therapy is applied in the early stages after the stroke. It is known that
spontaneous recovery tends to occur in the first weeks [59] and that it

is an active process of brain plasticity, which tends to reach a plateau
between 3 and 6 months after the stroke [60]. Early application of
tDCS can therefore exploit the window of the best response in the
brain, thus, reaching better results. In addition, longitudinal studies
may be important in order to identify the effects of tDCS at the
different stroke recovery phases.

Another relevant issue is that few studies explore the effects of
tDCS in contrast sensitivity function and color discrimination after
stroke. In this review, only 2 of the 6 studies found addressed this
issue and have yielded inconclusive results. Plow, et al. [56] suggests,
based on the results, that the effects of tDCS are only observed in
specific functions related to the concomitant training, in this case,
VRT to expand the visual field. However, widespread improvements
are not observed in the visual processing as they are in contrast
sensitivity. On the other hand, Dargie, et al. [58] found results that
suggest improvements in color discrimination as a tDCS effect, even
in the absence of specific training for this skill.

Given the limited amount of specific studies and the lack of
consensus of findings [56,58], new studies evaluating the effects of
tDCS in basic visual functions after stroke seem relevant, since this
technique has already shown efficacy in healthy patients. In various
experimental trials, Costa, et al. [61,62] identified effects of the anode
and cathode tDCS on color discrimination and contrast sensitivity in
healthy participants. Studies like this should be replicated in patients
with brain lesions to assess how isolated tDCS can act in the recovery
of specific visual functions. Furthermore, it is known that the contrast
sensitivity function can be altered in patients with stroke even when
the lesion has not occurred in occipital areas [63-65]. In this sense, it
seems justified to evaluate the effects of tDCS in basic visual functions
not only in patients with occipital lesions, but also seeking to develop
studies investigating their effect in patients with injuries in different
areas.

Conclusion

The set of results described and the considerations suggested
converge to one main conclusion: tDCS is an important technique in
the context of visual rehabilitation in stroke patients and, therefore,
more studies need to be encouraged. Furthermore, the development
of studies on visual models is important as an objective tool to be
used as a diagnostic method for visual perceptual disorders, and
monitoring of the evolutionary process of stroke patients.
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