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Today neurological diseases such as stroke represent one of the leading cause of

long-term disability. Many research efforts have been focused on designing new and

effective rehabilitation strategies. In particular, robotic treatment for upper limb stroke

rehabilitation has received significant attention due to its ability to provide high-intensity

and repetitive movement therapy with less effort than traditional methods. In addition,

the development of non-invasive brain stimulation techniques such as transcranial Direct

Current Stimulation (tDCS) has also demonstrated the capability of modulating brain

excitability thus increasing motor performance. The combination of these two methods

is expected to enhance functional and motor recovery after stroke; to this purpose, the

current trends in this research field are presented and discussed through an in-depth

analysis of the state-of-the-art. The heterogeneity and the restricted number of collected

studies make difficult to perform a systematic review. However, the literature analysis

of the published data seems to demonstrate that the association of tDCS with robotic

training has the same clinical gain derived from robotic therapy alone. Future studies

should investigate combined approach tailored to the individual patient’s characteristics,

critically evaluating the brain areas to be targeted and the induced functional changes.

Keywords: stroke, cerebrovascular accident (CVA), upper-limb, tDCS, neurorehabilitation, robot-aided therapy

INTRODUCTION

Stroke is one of the leading factors of morbidity and mortality worldwide (Warlow et al., 2001).
In Italy, stroke annual incidence varies between 175/100.000 and 360/100.000 in men and

between 130/100.000 and 273/100.000 in women (Sacco et al., 2011). Further, still in Italy, a total
of 196.000 individuals are affected by stroke each year, 80% are new episodes and 20% are relapses
(Gensini, 2005).

Activities of daily living (ADLs) and human quality of life strongly depend on upper limb
functioning (Franceschini et al., 2010). Therefore, one of the goals of post-stroke upper limb
rehabilitation is to recover arm and hand functions, and enable the patients to perform ADLs
independently.
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It is shown in the literature that intensive as well as
task-specific training can be very effective in upper limb
rehabilitation treatments after stroke (Feys et al., 2004; Lo et al.,
2010; Klamroth-Marganska et al., 2014); this training should
be repetitive, challenging and functional for the patients. To
this purpose, robotics represents a key enabling technology
for addressing these requirements for a well-stratified group
of stroke patients (i.e., moderate-to-severe subjects). Clinical
studies, varying in design and methods, have examined the effect
of robotic devices on upper-limb and lower-limb rehabilitation
in a clinical setting (Prange et al., 2006; Brewer et al., 2007;
Mehrholz et al., 2015). Moreover, in a multicenter randomized
controlled trial on moderate-to-severe chronic stroke patients,
robotic therapy resulted superior to usual care and not
inferior to intensive conventional rehabilitation treatment in
terms of recovery of upper limb motor function (Lo et al.,
2010). In addition, using robotic devices allows delivering new
therapy constraints to maximize the required movement pattern
(Kwakkel et al., 2007). Therefore, it is possible to control task
learning phase more easily with robots than with traditional
therapeutic techniques, since robots allows patients to perform
guided movements on predefined pathways and avoid possible
uncontrolled movements (Kwakkel et al., 2007).

Despite the interesting advancements in this area, the type
of therapy leading to optimal results remains controversial and
elusive and patients are often left with considerable disability
(Bastani and Jaberzadeh, 2012).

Recently, the application of non-invasive neuro-modulation
strategies to counteract inter-hemispheric imbalance has been
acquiring a growing interest in post-stroke rehabilitation (Duque
et al., 2005; Hummel and Cohen, 2006; Bolognini et al., 2009;
Kandel et al., 2012). The adjunct of non-invasive interventions,
such as the electrical brain stimulation or magnetic brain
stimulation (Di Lazzaro et al., 2016), might be used to speed-up
and maximize the potential benefit of rehabilitation treatments.
In particular, transcranial Direct Current Stimulation (tDCS)
may play an important role in stroke recovery since its capability
to modify cortical excitability and neural activity (Lefaucheur,
2016; Lefaucheur et al., 2017).

In fact, modulating the excitability of a targeted brain
region non-invasively, can favor a normal balance in the
interhemispheric interaction and, hence, facilitate the recovery of
motor functions of the paretic limb (Kandel et al., 2012).

tDCS consists of applying low-intensity current (1–2mA)
between two or multiple small electrodes on the scalp
(Dmochowski et al., 2011). Depending on the electrode
polarity, an opposite polarization of brain tissues can be
induced with consequent modification of the resting membrane
potential. Anodal stimulation will induce depolarization and
increased cortical excitability; cathodal stimulation will induce
hyperpolarization and decreased cortical excitability (Nitsche
and Paulus, 2000; Fregni et al., 2005).

In the past, several studies have demonstrated a tDCS effect in
terms of increased primary motor cortex activation assessed with
fMRI (Hummel et al., 2005; Lindenberg et al., 2010).

The inter-hemispheric inhibitory competition model (Duque
et al., 2005) implies that, to restore the interhemispheric balance

altered after a stroke, one can either increase the excitability of
the affected hemisphere with the anodal tDCS, or decrease the
activity of the healthy hemisphere with cathodal tDCS (Hummel
and Cohen, 2006).

The use of bilateral tDCS (applying simultaneously anodal
electrode on the affected hemisphere and cathodal electrode on
the unaffected hemisphere, Tazoe et al., 2014) could also be an
effective strategy to produce interhemispheric rebalancing effects.
Notwithstanding the promising achievements, the debate on
tDCS efficacy in neurorehabilitation is still active and not entirely
examined (Stagg and Johansen-Berg, 2013).

The application of tDCS might also have an impact on
shoulder abduction (SABD) loading effects in individuals with
moderate to severe chronic stroke; however, it is insufficient to
make significant changes at higher SABD loads (Yao et al., 2015).

Furthermore, several neuromodulatory protocols have been
applied together with robotic gait training to induce cortical
plasticity and promote motor recovery after stroke. Motor
excitability induced by paired associative stimulation, i.e.,
repetitive transcranial magnetic stimulation (rTMS) and tDCS
has shown to be a potential neuromodulatory adjuvant of walking
rehabilitation in patients with chronic stroke (Jayaram and
Stinear, 2009) although there was no evidence regarding the
efficacy of these protocols with respect to the others.

On the other hand, robot-assisted repetition with
electromechanical gait trainer (Hesse et al., 1997; Hesse and
Uhlenbrock, 2000) improved gait performance and maintained
functional recovery at follow-up even during the chronic phase
of stroke (Peurala et al., 2005; Dias et al., 2007). This could be
likely due to the gait-like movement that allowed patients to
practice a complete gait cycle, achieving better symmetric and
physiological walking (Dias et al., 2007).

In this context, the adjunct of tDCS (delivered over the lower
extremity motor cortex) to robotic locomotor exercises showed
the capability to enhance the effectiveness of robotic gait training
in chronic stroke patients (Danzl et al., 2013).

Conversely, while administering tDCS did not produce any
reverse effects on chronic stroke patients, on the other hand it
seemed to have no additional effect on robot-assisted gait training
(Geroin et al., 2011). This could be due to the peculiar neural
organization of locomotion, which involves both cortical (motor
cortex) and spinal (central pattern generators) control (Dietz,
2002; Geroin et al., 2011).

Recently, another study has supported the hypothesis that
anodal tDCS combined with cathodal transcutaneous spinal
direct current stimulation (tsDCS) may be useful to improve the
effects of robotic gait training in chronic stroke (Picelli et al.,
2015).

Finally, combination of tDCS and robotic training has shown
a promising strategy for improving arm, hand and lower
extremity motor functions in persons with incomplete spinal
cord injury (Raithatha et al., 2016; Yozbatiran et al., 2016).

All these approaches justify the growing interest of the
scientific community in the evaluation of the effects of upper
limb robot-aided motor training coupled with tDCS in stroke,
relying on the adjunct of tDCS to further enhance primary effects
of motor recovery (Triccas et al., 2016).
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This paper intends to carry out an in-depth study of the
literature regarding the effects of the combined use of tDCS and
RT on motor and functional recovery in post stroke subjects.
Moreover, the expected added value provided by this work is
to complete the current knowledge in the neurorehabilitation
field, by critically evaluating and comparing (when possible) the
available results as well as discussing inconsistencies and possible
issues. As a final goal, indications for the development of future
and more specific rehabilitation protocols tailored to subject’s
needs are provided.

The paper is structured as follows. In Section “Overview of
the Main Studies on tDCS Coupled with Upper-Limb Robotic
Treatment” an overview of clinical studies that analyze effects
of tDCS combined with upper limb robotic therapy (RT) is
reported.

Section “Discussion” presents a critical discussion of the
presented studies aimed to assess the efficacy of this novel
combined approach. Finally, Section “Conclusions and future
perspectives” reports final considerations and future suggestions.

OVERVIEW OF THE MAIN STUDIES ON
tDCS COUPLED WITH UPPER-LIMB
ROBOTIC TREATMENT

The study of the effects deriving from the coupled use of tDCS
and RT represents a relatively young field of interest. In fact, the
number of studies that have tried to investigate and prove the
successful combination of these two techniques is limited.

A wide literature search updated to January 2017 has been
conducted resorting to the main databases, such as Pubmed
Central (PMC), Cochrane, Scopus, Google Scholar. The
following keywords have been employed: tDCS AND stroke∗

OR ictus OR hemiplegia∗ AND robot∗ OR robotic therapy∗,
upper-limb rehabilitation, brain stimulation techniques,
neurorehabilitation, rehabilitation robotics. Studies have been
included only when focused on the novel therapeutic approach
based on tDCS combined with robotic upper limb therapy.

The following inclusion criteria have been utilized:

1. Be a single session clinical trial (i.e., compare pre-treatment
and post-treatment performance) or controlled trial (i.e.,
clinical trial with a control group, either randomized or not).

2. Involve stroke patients.
3. Concern movement therapy with a robotic device.
4. Include transcranial Direct Current Stimulation (tDCS) as

Non-Invasive Brain Stimulation Technique.
5. Focus on upper-limb motor control (and possibly functional

abilities).
6. Use relevant motor control and functional ability outcome

measures.
7. Be a full-length publication in a peer-reviewed journal.

To enable the most complete overview of the current literature,
the search has not been limited by patient subgroups (i.e., acute,
subacute, or chronic) or by language.

A flowchart of the search and inclusion process is shown
in Figure 1. A total of 830 papers has been gathered by using

the aforementioned search method. The abstracts matching the
inclusion criteria have been selected. When appropriate, the full
paper has been read. Therefore, from the initial 830 papers, 820
have been excluded since they did not meet the inclusion criteria.
The remaining 10 papers have been carefully read. Eight studies
are journal papers while 2 are conference papers.

The two conference papers Ang et al. (2012) and Mazzoleni
et al. (2015) have not been included into the review analysis since
they did not match the last inclusion criteria (i.e., be full-length
publication in a peer-reviewed journal); however, their contents
will be briefly discussed in the following.

The eight retrieved journal studies are Hesse et al. (2007),
Hesse et al. (2011), Giacobbe et al. (2013), Ochi et al. (2013), Ang
et al. (2015), Triccas et al. (2015), Powell et al. (2016), and Straudi
et al. (2016).

The following contents have been extracted from the analysis
of the selected studies:

1. Descriptive features of the subjects;
2. Protocol used within the study;
3. Outcome measures of motor control, functional abilities and

neurophysiological parameters of cortical excitability;
4. Conclusions based on results.

The results of the studies are considered positive if the difference
between pre-post treatment and between robot-trained and
control groups is significant (p < 0.05) as calculated by an
appropriate statistical tool.

The selected studies use different methods to evaluate
the patients’ recovery, including clinical scales, kinematics,
and neurophysiological parameters of cortical excitability. The
multiple outcome measures have been collected, as explained
below:

1. Eight clinical scales regarding upper limb motor and
functional assessment [Fugl-Meyer Scale (FM), Modified
Ashworth Scale (MAS), Barthel Index (BI), Medical Research
Council (MRC) score for muscle strength, Box and Block test
(B&B), Motor Activity Log (MAL), Action Research Arm Test
(ARAT), Stroke Impact Scale (SIS)];

2. Four neurophysiological parameters of motor cortical
excitability [Motor Evoked Potential (MEP), Motor Imagery-
Brain Computer Interface (MI-BCI) screening, motor map
volume of ispilesional hemisphere, Center of Gravity (COG)];

3. Seven kinematic indices [Mean speed, peak speed, deviation,
smoothness, duration, aim, and Hand Path Ratio (HPR, Dietz
et al., 2011) in Cartesian space].

Notwithstanding, upper limb Fugl-Meyer score (FMS; Fugl-
Meyer et al., 1974) has been chosen as the primary outcome
measure for a comparative analysis, being the clinical tool
adopted across almost all the studies.

All the current studies are grounded on the theory of
interhemispheric competition where anodal tDCS is applied
on the lesioned hemisphere (excitatory protocol) and cathodal
tDCS is delivered on the contralateral hemisphere (inhibitory
protocol). Sham stimulation is applied with an increasing current
at training onset, and is switched off for the remainder of the
stimulation time.
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FIGURE 1 | Flowchart of the search and inclusion process.

Although the selected studies share the general objective of
assessing the effects of tDCS combined with the RT, the employed
investigation methods are different and provide heterogeneous
data that are difficult to be analyzed in a systematic way. However,
despite the difficulty to find a global primary outcome measure,
interesting common features have been extracted and a list of
factors has been identified.

For the sake of clarity, the retrieved studies have been grouped
in the following four categories while the main characteristics are
reported in Tables 1A,B:

1. Effects of anodal and/or cathodal tDCS coupled with RT in
post stroke patients (compared or not with RT alone);

2. Effects of different anodal tDCS delivering time, i.e., before,
during or after RT;

3. Effects of anodal tDCS compared to cathodal tDCS when
coupled with RT;

4. Effects of anodal tDCS combined with other neurostimulation
techniques and RT.

The number of patients in the groups treated with real tDCS
ranged from a minimum of 4 (Powell et al., 2016) to a maximum
of 32 (Hesse et al., 2011) for a total of 148 patients; the control
group has been used by Hesse et al. (2011) (32 patients), Triccas
et al. (2015) (11 patients), Ang et al. (2015) (9 patients), Straudi
et al. (2016) (11 patients). More details on the enrolled patients

and the experimental groups are reported in Tables 1A,B. It can
be observed that in the eight selected studies the enrolled patients
vary for number, diagnosis (i.e., chronic or subacute stroke,
cortical, or subcortical lesion) and group break down while the
mean age is very similar.

Five different robotic devices have been used for delivering
therapy across the analyzed studies: the RehaStim BiManu Track,
used in three studies (Hesse et al., 2007, 2011; Ochi et al., 2013),
the InMotion3 adopted in one study (Giacobbe et al., 2013), the
InMotion 2 employed in two studies (Ang et al., 2015; Powell
et al., 2016) the Armeo R©Spring used by Triccas et al. (2015), and
the REO Therapy System, Motorika, LTD, Israel used in Straudi
et al. (2016).

For a detailed technical description of these devices please see,
Hogan et al. (1993), Hesse et al. (2003), Sanchez et al. (2004), and
Krebs et al. (2007).

Effects of Anodal and/or Cathodal tDCS
Coupled with Robotic Treatment
Four studies have investigated the effects of tDCS combined with
RT and/or compared the effects with RT alone.

The work in Hesse et al. (2007) was the first to investigate the
feasibility of combining the two techniques with a single session
pilot study. Results showed that subjects with subcortical lesion
improved more than patients with cortical damage suggesting
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that the lesion site represents a determinant factor for evaluating
treatment efficacy (Table 2A).

The other three works, Hesse et al. (2011), Triccas et al. (2015),
and Straudi et al. (2016) performed randomized controlled trials
with a larger sample of patients. However, they have shown that
the adjunct of tDCS to RT only lead to small significant changes
in FMS adjusting statistical analysis for the lesion site (cortical
vs. subcortical), the timing from the stroke onset (chronic vs.
subacute) and the type of stroke (ischemic vs. hemorrhagic)
(Tables 2A–C).

Timing Effects of tDCS Combined with
Robotic Therapy
The temporal relationship between brain stimulation and robotic
therapy may play an important role in the design of successful
clinical protocols. The study in Edwards et al. (2009) showed that
the increase of corticomotor excitability induced by a period of
anodal tDCS was still present whether the brain stimulation was
followed by robotic practice.

Following this approach, the study in Giacobbe et al. (2013)
confirmed that significant improvements (differences between
pre/post intervention) were retrieved only in movement
smoothness when anodal tDCS is delivered before RT.
Conversely, tDCS delivered during practice (aim indicator
worsened of 15%) or after practice (a 10% significant speed
decrease) seemed to offer no performance improvement
(Table 3).

In addition, the results in Table 4 confirmed that motor
practice has increased corticomotor excitability of the trained
muscles while on the other hand, electrical stimulation delivered
at any of the time points in relation to robotic training resulted in
no significant changes in muscles MEP amplitude.

Effects of Anodal vs. Cathodal tDCS
Combined with Robotic Practice
Another interesting aspect to be investigated is the different effect
of anodal tDCS with respect to cathodal tDCS when delivered
together with robotic therapy (Hesse et al., 2011; Ochi et al.,
2013).

In Ochi et al. (2013) both interventions showed significant but
moderate improvements in FMS and MAS in post intervention
with respect to the baseline with a slight significant effect
of cathodal tDCS in the MAS only for patients with right
hemispheric lesions (Table 2A).

In addition, neither anodal nor cathodal tDCS enhanced the
effects of bimanual RT (Hesse et al., 2011) on subacute stroke
subjects in terms of FMS (Table 2A).

Effects of Anodal tDCS Combined with
Other Neurostimulation Techniques and RT
In a recent study (Powell et al., 2016), timing variations of
electrical brain stimulation paired with nerve stimulation and
RT have been investigated to enhance motor recovery in chronic
stroke subjects.

Slight significant effect has been observed for SIS in Group
A while no significant changes have been retrieved in FMS for
both groups and in SIS for Group B (Table 2B). Moreover,

no between-group effects have been retrieved both for FMS
and SIS.

Neurophysiological measurements were extracted only from
two subjects; one subject in Group A showed an increase of
cortical map volume while one subject in the Group B revealed
a decrease for the same neurophysiological parameter (Table 4).

Another recent study (Ang et al., 2015) aimed to demonstrate
the feasibility of using tDCS to facilitate the ability of stroke
patients to operate a MI-BCI (Wolpaw et al., 2002) and,
subsequently, the efficacy of the treatment together with robotic
feedback in a sham-controlled randomized trial.

FMSs showed that real tDCS before MI-BCI and RT did not
result in additional motor improvements compared to the single
treatment (i.e., MI-BCI paired with robotic feedback) (Table 2B).
On the other hand, the evaluation of online MI-BCI accuracy
may have benefited from tDCS as already preliminary analyzed
in Ang et al. (2012).

DISCUSSION

The analysis of the literature presented in this paper has
strengthened the efficacy of RT in stroke rehabilitation (Lo et al.,
2010; Hesse et al., 2011; Ochi et al., 2013; Klamroth-Marganska
et al., 2014; Triccas et al., 2015; Straudi et al., 2016).

However, the following limitations regarding the effects of
combining tDCS and robotic therapy, in motor and functional
recovery were retrieved:

• Coupling unilateral (anodal or cathodal) or bilateral tDCS to
different RT (unilateral or bilateral, distal or proximal) did not
produce significant effects in terms of FMS with respect to RT
alone either in chronic or subacute stroke patients (Hesse et al.,
2011; Ochi et al., 2013; Triccas et al., 2015; Straudi et al., 2016);

• Delivering anodal tDCS during and after unilateral wrist RT
did not increase kinematic performance in chronic stroke
patients (Giacobbe et al., 2013);

• Chronic stroke subjects treated with tDCS at the end of PNS
followed by RT did not improve their motor functions, as
assessed by means of FMS and SIS (Powell et al., 2016).

• Administering tDCS before MI-BCI with robotic feedback did
not enhance motor functions (assessed by FMS) in chronic
stroke patients respect to MI-BCI treatment alone (Ang et al.,
2015).

Nevertheless, despite these limitations, the reported studies
show some encouraging findings that would deserve to be
investigated by means of larger randomized controlled trials with
standardized treatment protocols.

These findings are listed in the following:

– A single session of anodal tDCS during bilateral RT on
subacute stroke patients leads to significant improvements in
FMS (Hesse et al., 2007);

– Delivering tDCS before RT seems to be more effective than
during or after RT (Giacobbe et al., 2013);

– tDCSmay enhance the averaged accuracy of classifying theMI
of the stroke-affected upper limb (Ang et al., 2015).

– Combined with RT, cathodal stimulation of the contralateral
hemisphere could yield higher effects with respect to anodal
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TABLE 2C | Clinical scales scores for Triccas et al. (2015).

FMS (SD) ARAT (SD) SIS (SD) MAL (SD)

Baseline Subacute stroke: 36.7 ± 18.4

Chronic stroke: 27.55 ± 13.77

Subacute stroke: 33.5 ± 0.6

Chronic stroke: 6.0 ± 0.2

Subacute stroke: 58.0 ± 21.8

Chronic stroke: 58.1 ± 26.5

Subacute stroke: 1.3 ± 1.3

Chronic stroke: 0.5 ± 0.5

Post treatment* Subacute stroke: 47.0 ± 17.8

Chronic stroke: 30.0 ± 10.23

Subacute stroke: 48.5 ± 0.6

Chronic stroke: 8.0 ± 0.2

Subacute stroke: 75.0 ± 15.7

Chronic stroke: 58.5 ± 23.4

Subacute stroke: 2.3 ± 1.8

Chronic stroke: 0.5 ± 0.7

*Significant changes at post-intervention between stage (i.e., subacute vs. chronic) per time interaction have been retrieved.

FMS, Fugl-Meyer Score; ARAT, Action Research Arm Test; MAL, Motor Activity Log; SIS, Stroke Impact Scale; SD, Standard Deviation.

TABLE 3 | Kinematics indicators for Giacobbe et al. (2013).

Mean Speed

(rad/s)

Peak Speed Deviation (rad) Smoothness Duration (s) Aim (rad)

Expected trend ↑ ↑ ↓ ↑ ↓ ↓

Sham tDCS

during RT

Pre-training 3.1 ± 0.1× 10−1

p = 0.006**

13.1 ± 0.8× 10−1

p = 0.009**

3.6 ± 0.4× 10−2

p = 0.168

2.8 ± 0.1× 10−1

p = 0.317

3.74 ± 0.23

p = 0.432

7.9 ± 0.4× 10−1

p = 0.095

Post-training 3.7 ± 0.2× 10−1

p = 0.006**

16.6 ± 1.1× 10−1

p = 0.009**

4.4 ± 0.5× 10−2

p = 0.168

2.6 ± 0.1× 10−1

p = 0.317

3.48 ± 0.23

p = 0.432

8.8 ± 0.35 ×10−1

p = 0.095

tDCS before RT Pre-training 3.65 ± 0.2× 10−1

p = 0.43

16.4 ± 0.1× 10−1

p = 0.297

4.7 ± 0.5× 10−2

p = 0.133

2.5 ± 0.1× 10−1

p = 0.001**

3.1 ± 0.3

p = 0.062

9.3 ± 0.3× 10−1

p = 0.052

Post-training 3.8 ± 0.2× 10−1

p = 0.43

14.9 ± 0.1× 10−1

p = 0.297

3.7 ± 0.4× 10−2

p = 0.133

2.9 ± 0.1× 10−1

p = 0.001**

3.2 ± 0.2

p = 0.062

8.3 ± 0.4× 10−1

p = 0.052

tDCS during RT Pre-training 3.4 ± 0.2× 10−1

p = 0.53

13.9 ± 1× 10-1

p = 0.585

3.6 ± 0.3× 10−2

p = 0.239

2.8 ± 0.1× 10−1

p = 0.554

3.01 ± 0.22

p = 0.987

7.1 ± 0.3× 10−1

p = 0.019*

Post-training 3.6 ± 0.2× 10−1

p = 0.53

14.6 ± 0.9× 10−1

p = 0.585

4.2 ± 0.5× 10−2

p = 0.239

2.9 ± 0.1× 10−1

p = 0.554

3.08 ± 0.21

p = 0.987

8.2 ± 0.3× 10−1

p = 0.019*

tDCS after RT Pre-training 4.1 ± 0.2× 10−1

p = 0.032*

15.7 ± 0.9× 10−1

p = 0.595

3.6 ± 0.4× 10−2

p = 0.087

3.0 ± 0.1× 10−1

p = 0.529

2.58 ± 0.18

p = 0.158

8.0 ± 0.4× 10−1

p = 0.65

Post-training 3.6 ± 0.2× 10−1

p = 0.032*

15.0 ± 1× 10−1

p = 0.595

4.8 ± 0.5× 10−2

p = 0.087

2.9 ± 0.1× 10−1

p = 0.529

2.94 ± 0.19

p = 0.158

7.8 ± 0.3× 10−1

p = 0.65

*Significant REDUCTION in post intervention with respect to baseline (<20%).

**Significant INCREASE in post intervention with respect to baseline (p < 0.05).

tDCS stimulation of the affected hemisphere considering
lesion side (Ochi et al., 2013);

– Slight clinical effects of anodal tDCS plus exoskeletal robotic
treatment were found in subacute vs. chronic stroke patients
(Triccas et al., 2015);

– Bilateral tDCS combined with proximal upper limb RT seems
to bemore effective in chronic patients with subcortical lesions
(Straudi et al., 2016);

– Delivering excitatory tDCS before PNS and RT may enhance
the functional outcomes of chronic stroke patients more
than applying tDCS after PNS and before RT (Powell et al.,
2016).

The large variability in the characteristics of patients enrolled
in different studies (chronic or acute, ischemic or hemorrhagic,
cortical or subcortical lesion) and the lack of a standardized
intervention protocol make difficult to compare and provide a
definitive analysis of the results.

However, an attempt of analyzing factors influencing
outcomes herein presented has been carried out. Several factors
have been identified and discussed as responsible for the large

variety of the reported results. They are discussed in the following
subsections.

Several Types of Intervention and
Treatment Intensity
Type of intervention and treatment intensity may represent
crucial aspects for evaluating efficacy of tDCS coupled with
robot-aided rehabilitation. In fact, from the literature analysis
emerges that tDCS and RT effects have been investigated in
multiple manners, thus producing different results.

For instance, the feasibility of the combined approach (tDCS
and RT) both in chronic and in subacute stroke patients (Hesse
et al., 2007; Giacobbe et al., 2013) has been studied in a single-
session protocol without a control group.

Moreover, unilateral and/or bilateral tDCS has been applied
without considering that the patients characteristics (i.e., type of
stroke, lesion site, time post stroke) might have influenced the
current findings.

Another important factor to be considered is the delivering
time of tDCS respect to RT as well as the inhibitory and/or
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TABLE 4 | Neurophysiological indicators.

Study Mean MEP (SD)

Amplitude (FCR, ECR,

muscles)

Ipsilesional cortical map

volume (normalized MEP

amplitude*cm2) (mean)

COGx (cm)

(lateral-medial)

COGy (cm)

(anterior-posterior)

Giacobbe et al., 2013 Increased amplitude %FCR and

ECR

tDCS pre-RT (n = 6)

(FCR) 97 ± 9% baseline

(ECR) 124 ± 21% baseline

tDCS during-RT (n = 5)

(FCR) 139 ± 43% baseline

(ECR) 115 ± 29% baseline

tDCS post-RT (n = 5)

(FCR) 110 ± 19% baseline

(ECR) 103 ± 16% baseline

– – –

Powell et al., 2016* (Baseline vs.

post intervention)

– Group A tDCS pre-PNS: 2.1

Group B tDCS post-PNS: −6.3

Group A tDCS pre-PNS:

−0.62 (medial)

Group B tDCS post-PNS:

0.3 (lateral)

Group A tDCS pre-PNS:

0.48 (anterior)

Group B tDCS post-PNS:

−0.48 (posterior)

*Only one subject for each group (Powell et al., 2016). Ipsilesional map volume increased in Group A and decreased in Group B. COG location shifted in opposite directions according

to stimulation condition. FCR, Flexor Carpi Radialis; ECR, Extensor Carpi Radialis; MEP, Motor Evoked Potential; COGx , ipsilesional Center of Gravity location change; COGy , ipsilesional

Center of Gravity location change; SD, standard deviation.

excitatory approach. In fact, duration, frequency, timing, and
polarization of the stimulation are different in every study.

Furthermore, the use of different techniques such as PNS
(Powell et al., 2016) and MI-BCI (Ang et al., 2015) in
adjunct to tDCS and RT might also have influenced final FMS
outcomes (Ang et al., 2015) either enhancing or decreasing the
neuromodulatory effect.

For example, PNS activates proprioceptive sensory fibers
(Kaelin-Lang et al., 2002) that results in increased excitability of
motor cortex (Ridding et al., 2000); in this condition applying
tDCS before, during or after PNS may result in constructive or
disruptive effects in the targeted motor cortex area.

Finally, the use of tDCS to promote better operation of MI-
BCI by stroke subjects represents a new research field. The
detection of event-related desynchronization or synchronization
(ERD/ERS) (Pfurtscheller and Da Silva, 1999) with EEG-motor
imagery is expected to be enhanced by excitatory effect of anodal
tDCS (Ang et al., 2012). Anodal tDCS may be employed as a
conditioning tool for BCI in stroke (Kasashima et al., 2012), thus
increasing the online accuracy of MI-BCI performance.

Stimulation parameters, such as electrical current intensity,
represent the other factor that might have influenced results
of the different studies; current stimulation varies in between
1 and 2mA for different durations in the analyzed studies. So
far, whether choosing different currents is equally effective in
terms of brain stimulation remains unknown (Triccas et al.,
2016).

Moreover, in all the selected studies tDCS was delivered using
two common large electrodes; recent developments suggest the
use of multiple small electrodes that allow optimizing the applied
currents to achieve effective and targeted stimulation while
ensuring safety of stimulation. Such an aspect may lead to tailor
the stimulation to specific patients’ population (Dmochowski
et al., 2011).

Different Primary Outcomes
FMS is the primary outcome for all the selected studies, except for
Giacobbe et al. (2013) where kinematics and neurophysiological
parameters are adopted as referencemeasurements for evaluating
motor recovery.

It can be observed that the FMS improvements between
pre/post treatment for all the different protocols do not seem
to show benefit deriving from the adjunct of tDCS both
in real, cathodal, or bilateral configuration. On the other
hand, the reported findings strengthen the efficacy of RT
in stroke rehabilitation. Furthermore, the analysis of some
neurophysiological measurements (Ang et al., 2015; Powell et al.,
2016) revealed that tDCS can provide either a benefit or an
obstructive effect on chronic stroke subjects when is coupled
with other techniques (MI-BCI and PNS) and robotic therapy,
depending on the type, size, and location of the lesion.

Type of Stroke and Lesion Site
Another factor that makes difficult to perform a comparative
analysis among the studies is the different cohort of recruited
patients and the non-homogeneity in their residual abilities.

Depth of the brain lesion, the lesion side, and stroke
duration are crucial parameters in determining the more effective
rehabilitative treatment. From the analysis of the literature, it
emerges that chronic and subacute patients respond in different
manners to the same intervention; in fact, subacute subjects
undergoing anodal tDCS and RTmay have greater improvements
with respect to chronic stroke patients (Triccas et al., 2015). One
possible explanation is that subacute patients may take advantage
from the spontaneous natural recovery that normally occurs
during the first days after stroke onset.

The location of the lesion is also another important
discriminating factor; in fact, chronic stroke patients with
subcortical lesion seem to improve better than subacute with
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cortical damage when treated with the combined approach
(Hesse et al., 2011; Straudi et al., 2016). Patients with subcortical
lesion may find more benefit respect to patients with cortical
lesion since their cortical connectivity remains intact after a
stroke.

Different Robotic Treatment
The last factor that may have influenced effects of the combined
approach is represented by the different robotic treatments that
are delivered, i.e., bilateral vs. unilateral arm training as well as
planar vs. three-dimensional movements.

Some previous studies (Lin et al., 2008; Waller et al., 2008;
Wu et al., 2011; Mazzoleni et al., 2013) have investigated effects
of bilateral robotic arm training (BRT) vs. unilateral robotic
arm training (URT). They have shown that URT has produced
greater functional gains together with an increased use of the
paretic arm in daily life, whereas BRT has improved proximal
upper limb motor function and force generation or movement
smoothness.

However, although the BiManu Track, InMotion2. and
InMotion3 are conceived for different trainingmethodologies, no
great differences in terms of task difficulty are retrieved.

On the other hand, the Armeo R© Spring and the ReoGoTM

enable to actively train the entire arm thus indirectly allowing
patients to compensate hand movements with shoulder. All
these characteristics, combined with electrical stimulation may
have influenced the Fugl-Meyer total scores at the end of
treatment.

Final Considerations
It is worth considering that all the attempted approaches of
neuromodulation are based on the inter-hemispheric inhibitory
competition model. However, whether “up-regulation” of
lesioned hemisphere lead to better results than “down-
regulation” of contralateral hemisphere may not be valid in all
conditions and for all patients. In fact, depending on the size of
the lesion and the gravity of the impairment (moderate-to-severe
impairment) it might be preferable to use the excitatory approach
rather the inhibitory.

Recent findings suggest a possible alternative approach of
neuromodulation. This method is based on the inhibition of the
ipsilesional motor cortex aimed to favor motor learning through
mechanisms of “homeostatic” plasticity (Di Lazzaro et al., 2013).

Recently, Di Pino et al. (2014) proposed a bimodal balance-
recovery model, in which the influence of inter-hemispheric
balancing on functional recovery depends on the structural
reserve spared by the lesion. In this light, the above-described
sources of individual variability, including lesion location and
size as well as impaired connectivity, are all factors that could
contribute to determine the theorized concept of structural
reserve and thus guide the neuromodulatory intervention toward
a “rebalancing” or a “vicariation” approach.

In this context, a multimodal pre-therapy diagnosis could
be envisaged, involving the clinical history of the patient, time

elapsed after the stroke, topography of the lesion, and type and
severity of functional impairment (Di Pino et al., 2014).

Such a patient-tailored approach together with technology
advancements in robotic devices may lead to obtain better
improvements in motor and functional recovery.

CONCLUSIONS AND FUTURE
PERSPECTIVES

This paper has presented a literature analysis of combining non-
invasive electrical brain stimulation (tDCS) with upper limb
robotic therapy. The large variability in the characteristics of
patients enrolled in different studies (chronic or acute, ischemic
or hemorrhagic, cortical or subcortical lesion) and the lack of
a standardized intervention protocol make difficult to reach a
definite conclusion.

Restoration of motor control seems to be the same after
electrical brain stimulation coupled with RT and after RT alone
as supported by a quantitative analysis of FMSs.

Furthermore, these findings confirm the effectiveness of RT in
post-stroke patients.

However, slight encouraging effects arise accounting for the
lesion site, the type of stroke and type of damage thus suggesting
the development of patient-tailored rehabilitative treatments.

In future studies, a more individually tailored approach
is required to choose the best type of tDCS (excitatory
and/or inhibitory) and the best possible target (ipsilesional
or contralesional hemisphere) after taking into consideration
several parameters. Moreover, such studies will help to refine the
bimodal balance–recovery model and test whether the efficacy
of individualized NIBS therapy combined with robotic therapy
might result superior to the current methods.

AUTHOR CONTRIBUTIONS

DS and LZ designed the paper, analyzed the literature,
analyzed robot data, and wrote the manuscript. StM partly
analyzed the clinical literature together with SaM, MB, and
GM and they also revised the manuscripts. FR revised the
manuscript and contributed to write clinical parts related to
neuromodulation. EG, VD, and SS supervised the writing.
All the authors read and approved the final version of the
manuscript.

ACKNOWLEDGMENTS

This work was supported by: European Project H2020/AIDE,
Multimodal and Natural Computer Interaction Adaptive
Multimodal Interfaces to Assist Disabled People in Daily
Activities (CUP J42I15000030006); Italian Institute for Labour
Accidents (INAIL) in the framework of BRiC 2016 (CUP:
C82F17000040001) and in the framework of the PPR 2 project
(CUP: E58C13000990001).

Frontiers in Human Neuroscience | www.frontiersin.org 12 May 2017 | Volume 11 | Article 268

http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive


Simonetti et al. tDCS and Upper-Limb Robotic Training

REFERENCES

Ang, K. K., Guan, C., Phua, K. S., Wang, C., Teh, I., Chen, C. W., et al. (2012).

Transcranial direct current stimulation and EEG-based motor imagery BCI for

upper limb stroke rehabilitation. Conf. Proc. IEEE Eng. Med. Biol. Soc. 2012,

4128–4131. doi: 10.1109/EMBC.2012.6346875

Ang, K. K., Guan, C., Phua, K. S., Wang, C., Zhao, L., Teo, W. P., et al. (2015).

Facilitating effects of transcranial direct current stimulation on motor imagery

brain-computer interface with robotic feedback for stroke rehabilitation. Arch.

Phys. Med. Rehabil. 96, S79–S87. doi: 10.1016/j.apmr.2014.08.008

Bastani, A., and Jaberzadeh, S. (2012). Does anodal transcranial direct current

stimulation enhance excitability of the motor cortex and motor function in

healthy individuals and subjects with stroke: a systematic review and meta-

analysis. Clin. Neurophysiol. 123, 644–657. doi: 10.1016/j.clinph.2011.08.029

Bolognini, N., Pascual-Leone, A., and Fregni, F. (2009). Using non-invasive brain

stimulation to augment motor training-induced plasticity. J. Neuroeng. Rehabil.

6:8. doi: 10.1186/1743-0003-6-8

Brewer, B. R., McDowell, S. K., and Worthen-Chaudhari, L. C. (2007). Poststroke

upper extremity rehabilitation: a review of robotic systems and clinical results.

Top. Stroke Rehabil. 14, 22–44. doi: 10.1310/tsr1406-22

Danzl, M. M., Chelette, K. C., Lee, K., Lykins, D., and Sawaki, L. (2013).

Brain stimulation paired with novel locomotor training with robotic gait

orthosis in chronic stroke: a feasibility study. NeuroRehabilitation 33, 67–76.

doi: 10.3233/NRE-130929

Dias, D., Lains, J., Pereira, A., Nunes, R., Caldas, J., Amaral, C., et al. (2007). Can

we improve gait skills in chronic hemiplegics? A randomised control trial with

gait trainer. Eur. Medicophys. 43, 499.

Dietz, V. (2002). Do human bipeds use quadrupedal coordination? Trends

Neurosci. 25, 462–467. doi: 10.1016/S0166-2236(02)02229-4

Dietz, V., Nef, T., and Rymer, W. Z. (Eds.) (2011). Neurorehabilitation Technology.

London: Springer Science & Business Media.

Di Lazzaro, V., Capone, F., Di Pino, G., Pellegrino, G., Florio, L., Zollo, L., et al.

(2016). Combining robotic training and non-invasive brain stimulation in

severe upper limb-impaired chronic stroke patients. Front. Neurosci. 10:88.

doi: 10.3389/fnins.2016.00088

Di Lazzaro, V., Rothwell, J. C., Talelli, P., Capone, F., Ranieri, F., Wallace, A.

C., et al. (2013). Inhibitory theta burst stimulation of affected hemisphere in

chronic stroke: a proof of principle, sham-controlled study. Neurosci. Lett. 553,

148–152. doi: 10.1016/j.neulet.2013.08.013

Di Pino, G., Pellegrino, G., Assenza, G., Capone, F., Ferreri, F., Formica,

D., et al. (2014). Modulation of brain plasticity in stroke: a novel

model for neurorehabilitation. Nat. Rev. Neurol. 10, 597–608.

doi: 10.1038/nrneurol.2014.162

Dmochowski, J. P., Datta, A., Bikson, M., Su, Y., and Parra, L. C. (2011). Optimized

multi-electrode stimulation increases focality and intensity at target. J. Neural

Eng. 8:046011. doi: 10.1088/1741-2560/8/4/046011

Duque, J., Hummel, F., Celnik, P., Murase, N., Mazzocchio, R., and Cohen, L. G.

(2005). Transcallosal inhibition in chronic subcortical stroke. Neuroimage 28,

940–946. doi: 10.1016/j.neuroimage.2005.06.033

Edwards, D. J., Krebs, H. I., Rykman, A., Zipse, J., Thickbroom, G.W., Mastaglia, F.

L., et al. (2009). Raised corticomotor excitability of M1 forearm area following

anodal tDCS is sustained during robotic wrist therapy in chronic stroke. Restor.

Neurol. Neurosci. 27, 199–207. doi: 10.3233/RNN-2009-0470

Feys, H., De Weerdt, W., Verbeke, G., Steck, G. C., Capiau, C., Kiekens, C.,

et al. (2004). Early and repetitive stimulation of the arm can substantially

improve the long-term outcome after stroke: a 5-year follow-up study of

a randomized trial. Stroke 35, 924–929. doi: 10.1161/01.STR.0000121645.

44752.f7

Franceschini, M., La Porta, F., Agosti, M., and Massucci, M. (2010). Is health-

related-quality of life of stroke patients influenced by neurological impairments

at one year after stroke? Eur. J. Phys. Rehabil. Med. 46, 389–399.

Fregni, F., Boggio, P. S., Mansur, C. G., Wagner, T., Ferreira, M. J.,

Lima, M. C., et al. (2005). Transcranial direct current stimulation of

the unaffected hemisphere in stroke patients. Neuroreport 16, 1551–1555.

doi: 10.1097/01.wnr.0000177010.44602.5e

Fugl-Meyer, A. R., Jääskö, L., Leyman, I., Olsson, S., and Steglind, S. (1974).

The post-stroke hemiplegic patient. 1. a method for evaluation of physical

performance. Scand. J. Rehabil. Med. 7, 13–31.

Gensini, G. F. (2005). Stroke Prevention and Educational Awareness Diffusion. Ictus

Cerebrale: Linee Guida Italiane di Prevenzione e Trattamento. Milano. Available

online at: http://www.iso-spread.it/capitoli/LINEE_GUIDA_SPREAD_8a_

EDIZIONE.pdf

Geroin, C., Picelli, A., Munari, D., Waldner, A., Tomelleri, C., and Smania, N.

(2011). Combined transcranial direct current stimulation and robot-assisted

gait training in patients with chronic stroke: a preliminary comparison. Clin.

Rehabil. 25, 537–548. doi: 10.1177/0269215510389497

Giacobbe, V., Krebs, H. I., Volpe, B. T., Pascual-Leone, A., Rykman, A., Zeiarati,

G., et al. (2013). Transcranial direct current stimulation (tDCS) and robotic

practice in chronic stroke: the dimension of timing. Neurorehabilitation, 33,

49–56. doi: 10.3233/NRE-130927

Hesse, S., Helm, B., Krajnik, J., Gregoric, M., and Mauritz, K. H. (1997). Treadmill

training with partial body weight support: influence of body weight release

on the gait of hemiparetic patients. Neurorehabil. Neural. Repair. 11, 15–20.

doi: 10.1177/154596839701100103

Hesse, S., Schulte-Tigges, G., Konrad, M., Bardeleben, A., and Werner, C. (2003).

Robot-assisted arm trainer for the passive and active practice of bilateral

forearm and wrist movements in hemiparetic subjects. Arch. Phys. Med.

Rehabil. 84, 915–920. doi: 10.1016/S0003-9993(02)04954-7

Hesse, S., and Uhlenbrock, D. (2000). A mechanized gait trainer for restoration of

gait. J. Rehabil. Res. Dev. 37, 701–708.

Hesse, S., Waldner, A., Mehrholz, J., Tomelleri, C., Pohl, M., and Werner,

C. (2011). Combined transcranial direct current stimulation and

robot-assisted arm training in subacute stroke patients an exploratory,

randomized multicenter trial. Neurorehabil. Neural Repair. 25, 838–846.

doi: 10.1177/1545968311413906

Hesse, S., Werner, C., Schonhardt, E. M., Bardeleben, A., Jenrich, W., and Kirker,

S. G. B. (2007). Combined transcranial direct current stimulation and robot-

assisted arm training in subacute stroke patients: a pilot study. Restor. Neurol.

Neurosci. 25, 9–15.

Hogan, N., Krebs, H. I., Charnnarong, J., Srikrishna, P., and Sharon, A.

(1993). “MIT-MANUS: a workstation for manual therapy and training II,” in

Applications in Optical Science and Engineering (Boston, MA: International

Society for Optics and Photonics), 28–34. Available online at: http://

proceedings.spiedigitallibrary.org/proceeding.aspx?articleid=1004403

Hummel, F. C., and Cohen, L. G. (2006). Non-invasive brain stimulation: a new

strategy to improve neurorehabilitation after stroke? Lancet Neurol. 5, 708–712.

doi: 10.1016/S1474-4422(06)70525-7

Hummel, F., Celnik, P., Giraux, P., Floel, A., Wu, W. H., Gerloff, C., et al. (2005).

Effects of non-invasive cortical stimulation on skilledmotor function in chronic

stroke. Brain 128, 490–499. doi: 10.1093/brain/awh369

Jayaram, G., and Stinear, J. W. (2009). The effects of transcranial stimulation on

paretic lower limb motor excitability during walking. J. Clin. Neurophysiol. 26,

272–279. doi: 10.1097/WNP.0b013e3181af1d41

Kaelin-Lang, A., Luft, A. R., Sawaki, L., Burstein, A. H., Sohn, Y. H., and Cohen,

L. G. (2002). Modulation of human corticomotor excitability by somatosensory

input. J. Physiol. 540, 623–633. doi: 10.1113/jphysiol.2001.012801

Kandel, M., Beis, J. M., Le Chapelain, L., Guesdon, H., and Paysant, J. (2012). Non-

invasive cerebral stimulation for the upper limb rehabilitation after stroke: a

review. Ann. Phys. Rehabil. Med. 55, 657–680. doi: 10.1016/j.rehab.2012.09.001

Kasashima, Y., Fujiwara, T., Matsushika, Y., Tsuji, T., Hase, K., Ushiyama,

J., et al. (2012). Modulation of event-related desynchronization during

motor imagery with transcranial direct current stimulation (tDCS) in

patients with chronic hemiparetic stroke. Exp. Brain Res. 221, 263–268.

doi: 10.1007/s00221-012-3166-9

Klamroth-Marganska, V., Blanco, J., Campen, K., Curt, A., Dietz, V., Ettlin,

T., et al. (2014). Three-dimensional, task-specific robot therapy of the arm

after stroke: a multicentre, parallel-group randomised trial. Lancet Neurol. 13,

159–166. doi: 10.1016/S1474-4422(13)70305-3

Krebs, H. I., Volpe, B. T., Williams, D., Celestino, J., Charles, S. K., Lynch, D., et al.

(2007). Robot-aided neurorehabilitation: a robot for wrist rehabilitation. IEEE

Trans. Neural Syst. Rehabil. Eng. 15, 327. doi: 10.1109/TNSRE.2007.903899

Kwakkel, G., Kollen, B. J., and Krebs, H. I. (2007). Effects of robot-assisted therapy

on upper limb recovery after stroke: a systematic review. Neurorehabil. Neural

Repair. 22, 111–121. doi: 10.1177/1545968307305457

Lefaucheur, J. P. (2016). A comprehensive database of published tDCS clinical trials

(2005–2016).Neurophysiol. Clin. 46, 319–398. doi: 10.1016/j.neucli.2016.10.002

Frontiers in Human Neuroscience | www.frontiersin.org 13 May 2017 | Volume 11 | Article 268

https://doi.org/10.1109/EMBC.2012.6346875
https://doi.org/10.1016/j.apmr.2014.08.008
https://doi.org/10.1016/j.clinph.2011.08.029
https://doi.org/10.1186/1743-0003-6-8
https://doi.org/10.1310/tsr1406-22
https://doi.org/10.3233/NRE-130929
https://doi.org/10.1016/S0166-2236(02)02229-4
https://doi.org/10.3389/fnins.2016.00088
https://doi.org/10.1016/j.neulet.2013.08.013
https://doi.org/10.1038/nrneurol.2014.162
https://doi.org/10.1088/1741-2560/8/4/046011
https://doi.org/10.1016/j.neuroimage.2005.06.033
https://doi.org/10.3233/RNN-2009-0470
https://doi.org/10.1161/01.STR.0000121645.44752.f7
https://doi.org/10.1097/01.wnr.0000177010.44602.5e
http://www.iso-spread.it/capitoli/LINEE_GUIDA_SPREAD_8a_EDIZIONE.pdf
http://www.iso-spread.it/capitoli/LINEE_GUIDA_SPREAD_8a_EDIZIONE.pdf
https://doi.org/10.1177/0269215510389497
https://doi.org/10.3233/NRE-130927
https://doi.org/10.1177/154596839701100103
https://doi.org/10.1016/S0003-9993(02)04954-7
https://doi.org/10.1177/1545968311413906
http://proceedings.spiedigitallibrary.org/proceeding.aspx?articleid=1004403
http://proceedings.spiedigitallibrary.org/proceeding.aspx?articleid=1004403
https://doi.org/10.1016/S1474-4422(06)70525-7
https://doi.org/10.1093/brain/awh369
https://doi.org/10.1097/WNP.0b013e3181af1d41
https://doi.org/10.1113/jphysiol.2001.012801
https://doi.org/10.1016/j.rehab.2012.09.001
https://doi.org/10.1007/s00221-012-3166-9
https://doi.org/10.1016/S1474-4422(13)70305-3
https://doi.org/10.1109/TNSRE.2007.903899
https://doi.org/10.1177/1545968307305457
https://doi.org/10.1016/j.neucli.2016.10.002
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive


Simonetti et al. tDCS and Upper-Limb Robotic Training

Lefaucheur, J. P., Antal, A., Ayache, S. S., Benninger, D. H., Brunelin, J.,

Cogiamanian, F., et al. (2017). Evidence-based guidelines on the therapeutic

use of transcranial direct current stimulation (tDCS). Clin. Neurophysiol. 128,

56–92. doi: 10.1016/j.clinph.2016.10.087

Lin, K. C., Chang, Y. F., Wu, C. Y., and Chen, Y. A. (2008). Effects of constraint-

induced therapy versus bilateral arm training on motor performance, daily

functions, and quality of life in stroke survivors. Neurorehabil. Neural Repair.

23, 441–448. doi: 10.1177/1545968308328719

Lindenberg, R., Renga, V., Zhu, L. L., Nair, D., and Schlaug, G. M. D. P. (2010).

Bihemispheric brain stimulation facilitates motor recovery in chronic stroke

patients. Neurology 75, 2176–2184. doi: 10.1212/WNL.0b013e318202013a

Lo, A. C., Guarino, P. D., Richards, L. G., Haselkorn, J. K., Wittenberg,

G. F., Federman, D. G., et al. (2010). Robot-assisted therapy for long-

term upper-limb impairment after stroke. N. Eng. J. Med. 362, 1772–1783.

doi: 10.1056/NEJMoa0911341

Mazzoleni, S., Dario, P., Posteraro, F., and Iardella, L. (2015). “Effects of combined

transcranial direct current stimulation and wrist robot-assisted therapy in

subacute stroke patients: preliminary results,” in 2015 IEEE International

Conference on Rehabilitation Robotics (ICORR) (Singapore), 217–222.

Mazzoleni, S., Sale, P., Franceschini, M., Bigazzi, S., Carrozza, M. C., Dario,

P., et al. (2013). Effects of proximal and distal robot-assisted upper limb

rehabilitation on chronic stroke recovery. Neurorehabilitation 33, 33–39.

doi: 10.3233/NRE-130925

Mehrholz, J., Pohl, M., Platz, T., Kugler, J., and Elsner, B. (2015). Electromechanical

and robot-assisted arm training for improving activities of daily living, arm

function, and arm muscle strength after stroke. Cochrane Database Syst. Rev.

2015:CD006876. doi: 10.1002/14651858.CD006876

Nitsche, M. A., and Paulus, W. (2000). Excitability changes induced in the human

motor cortex by weak transcranial direct current stimulation. J. Physiol. 527,

633–639. doi: 10.1111/j.1469-7793.2000.t01-1-00633.x

Ochi, M., Saeki, S., Oda, T., Matsushima, Y., and Hachisuka, K. (2013). Effects

of anodal and cathodal transcranial direct current stimulation combined with

robotic therapy on severely affected arms in chronic stroke patients. J. Rehabil.

Med. 45, 137–140. doi: 10.2340/16501977-1099

Peurala, S. H., Tarkka, I. M., Pitkänen, K., and Sivenius, J. (2005). The

effectiveness of body weight-supported gait training and floor walking in

patients with chronic stroke. Arch. Phys. Med. Rehabil. 86, 1557–1564.

doi: 10.1016/j.apmr.2005.02.005

Pfurtscheller, G., and Da Silva, F. L. (1999). Event-related EEG/MEG

synchronization and desynchronization: basic principles. Clin. Neurophysiol.

110, 1842–1857. doi: 10.1016/S1388-2457(99)00141-8

Picelli, A., Chemello, E., Castellazzi, P., Roncari, L., Waldner, A., Saltuari, L.,

et al. (2015). Combined effects of transcranial direct current stimulation

(tDCS) and transcutaneous spinal direct current stimulation (tsDCS) on

robot-assisted gait training in patients with chronic stroke: a pilot, double

blind, randomized controlled trial. Restorat. Neurol. Neurosci. 33, 357–368.

doi: 10.3233/RNN-140474

Powell, E. S., Carrico, C., Westgate, P. M., Chelette, K. C., Nichols, L., Reddy,

L., et al. (2016). Time configuration of combined neuromodulation and

motor training after stroke: a proof-of-concept study. NeuroRehabilitation 39,

439–449. doi: 10.3233/NRE-161375

Prange, G. B., Jannink, M. J., Groothuis-Oudshoorn, C. G., Hermens, H. J., and

Ijzerman, M. J. (2006). Systematic review of the effect of robot-aided therapy

on recovery of the hemiparetic arm after stroke. J. Rehabil. Res. Dev. 43, 171.

doi: 10.1682/JRRD.2005.04.0076

Raithatha, R., Carrico, C., Powell, E. S., Westgate, P. M., Chelette, I. I.,

Kenneth, C., et al. (2016). Non-invasive brain stimulation and robot-assisted

gait training after incomplete spinal cord injury: a randomized pilot study.

Neurorehabilitation 38, 15–25. doi: 10.3233/NRE-151291

Ridding, M. C., Brouwer, B., Miles, T. S., Pitcher, J. B., and Thompson, P. D. (2000).

Changes in muscle responses to stimulation of the motor cortex induced by

peripheral nerve stimulation in human subjects. Exp. Brain Res. 131, 135–143.

doi: 10.1007/s002219900269

Sacco, S., Stracci, F., Cerone, D., Ricci, S., and Carolei, A. (2011). Epidemiology of

stroke in Italy. Int. J. Stroke 6, 219–227. doi: 10.1111/j.1747-4949.2011.00594.x

Sanchez, R., Reinkensmeyer, D. E. R. I. C., Shah, P., Liu, J., Rao, S.,

Smith, R., et al. (2004). “Monitoring functional arm movement for home-

based therapy after stroke,” in 26th Annual International Conference of the

IEEE Engineering in Medicine and Biology Society (San Francisco, CA),

4787–4790.

Stagg, C. J., and Johansen-Berg, H. (2013). Studying the effects of transcranial

direct-current stimulation in stroke recovery using magnetic resonance

imaging. Front. Hum. Neurosci. 7:857. doi: 10.3389/fnhum.2013.00857

Straudi, S., Fregni, F., Martinuzzi, C., Pavarelli, C., Salvioli, S., and Basaglia,

N. (2016). tDCS and robotics on upper limb stroke rehabilitation: effect

modification by stroke duration and type of stroke. Biomed Res. Int.

2016:5068127. doi: 10.1155/2016/5068127

Tazoe, T., Endoh, T., Kitamura, T., and Ogata, T. (2014). Polarity specific effects

of transcranial direct current stimulation on interhemispheric inhibition. PLoS

ONE 9:e11424. doi: 10.1371/journal.pone.0114244

Triccas, L. T., Burridge, J. H., Hughes, A. M., Pickering, R. M., Desikan,

M., Rothwell, J. C., et al. (2016). Multiple sessions of transcranial direct

current stimulation and upper extremity rehabilitation in stroke: a review and

meta-analysis. Clin. Neurophysiol. 127, 946–955. doi: 10.1016/j.clinph.2015.

04.067

Triccas, L. T., Burridge, J. H., Hughes, A., Verheyden, G., Desikan, M., and

Rothwell, J. (2015). A double-blinded randomised controlled trial exploring

the effect of anodal transcranial direct current stimulation and uni-lateral

robot therapy for the impaired upper limb in sub-acute and chronic stroke.

Neurorehabilitation 37, 181–191. doi: 10.3233/NRE-151251

Waller, S. M., Liu, W., and Whitall, J. (2008). Temporal and spatial control

following bilateral versus unilateral training. Hum. Mov. Sci. 27, 749–758.

doi: 10.1016/j.humov.2008.03.006

Warlow, C. P., Dennis, M. S., van Gijn, J., Hankey, G. J., Sandercock, P. A.,

Bamford, J. M., et al. (2001). Stroke: A Practical Guide to Management. Wiley-

Blackwell.

Wolpaw, J. R., Birbaumer, N., McFarland, D. J., Pfurtscheller, G., and Vaughan,

T. M. (2002). Brain–computer interfaces for communication and control. Clin.

Neurophysiol. 113, 767–791. doi: 10.1016/S1388-2457(02)00057-3

Wu, C. Y., Chuang, L. L., Lin, K. C., Chen, H. C., and Tsay, P. K.

(2011). Randomized trial of distributed constraint-induced therapy versus

bilateral arm training for the rehabilitation of upper-limb motor control

and function after stroke. Neurorehabil. Neural Repair 25, 130–139.

doi: 10.1177/1545968310380686

Yao, J., Drogos, J., Veltink, F., Anderson, C., Concha Urday Zaa, J., Hanson,

L. I., et al. (2015). The effect of transcranial direct current stimulation on

the expression of the flexor synergy in the paretic arm in chronic stroke

is dependent on shoulder abduction loading. Front. Hum. Neurosci. 9:262.

doi: 10.3389/fnhum.2015.00262

Yozbatiran, N., Keser, Z., Davis, M., Stampas, A., O’Malley, M., Cooper-Hay, C.,

et al. (2016). Transcranial direct current stimulation (tDCS) of the primary

motor cortex and robot-assisted arm training in chronic incomplete cervical

spinal cord injury: a proof of concept sham-randomized clinical study.

NeuroRehabilitation 39, 401–411. doi: 10.3233/NRE-161371

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

The reviewer PL and handling Editor declared their shared affiliation, and

the handling Editor states that the process nevertheless met the standards of a fair

and objective review.

Copyright © 2017 Simonetti, Zollo, Milighetti, Miccinilli, Bravi, Ranieri, Magrone,

Guglielmelli, Di Lazzaro and Sterzi. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) or licensor are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Human Neuroscience | www.frontiersin.org 14 May 2017 | Volume 11 | Article 268

https://doi.org/10.1016/j.clinph.2016.10.087
https://doi.org/10.1177/1545968308328719
https://doi.org/10.1212/WNL.0b013e318202013a
https://doi.org/10.1056/NEJMoa0911341
https://doi.org/10.3233/NRE-130925
https://doi.org/10.1002/14651858.CD006876
https://doi.org/10.1111/j.1469-7793.2000.t01-1-00633.x
https://doi.org/10.2340/16501977-1099
https://doi.org/10.1016/j.apmr.2005.02.005
https://doi.org/10.1016/S1388-2457(99)00141-8
https://doi.org/10.3233/RNN-140474
https://doi.org/10.3233/NRE-161375
https://doi.org/10.1682/JRRD.2005.04.0076
https://doi.org/10.3233/NRE-151291
https://doi.org/10.1007/s002219900269
https://doi.org/10.1111/j.1747-4949.2011.00594.x
https://doi.org/10.3389/fnhum.2013.00857
https://doi.org/10.1155/2016/5068127
https://doi.org/10.1371/journal.pone.0114244
https://doi.org/10.1016/j.clinph.2015.04.067
https://doi.org/10.3233/NRE-151251
https://doi.org/10.1016/j.humov.2008.03.006
https://doi.org/10.1016/S1388-2457(02)00057-3
https://doi.org/10.1177/1545968310380686
https://doi.org/10.3389/fnhum.2015.00262
https://doi.org/10.3233/NRE-161371
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive

	Literature Review on the Effects of tDCS Coupled with Robotic Therapy in Post Stroke Upper Limb Rehabilitation
	Introduction
	Overview of the Main Studies on tDCS Coupled with Upper-Limb Robotic Treatment
	Effects of Anodal and/or Cathodal tDCS Coupled with Robotic Treatment
	Timing Effects of tDCS Combined with Robotic Therapy
	Effects of Anodal vs. Cathodal tDCS Combined with Robotic Practice
	Effects of Anodal tDCS Combined with Other Neurostimulation Techniques and RT

	Discussion
	Several Types of Intervention and Treatment Intensity
	Different Primary Outcomes
	Type of Stroke and Lesion Site
	Different Robotic Treatment
	Final Considerations

	Conclusions and Future Perspectives
	Author Contributions
	Acknowledgments
	References


