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Abstract

After traumatic brain injury (TBI), motor impairment is less common than neurocognitive or behavioral problems.
However, about 30% of TBI survivors have reported motor deficits limiting the activities of daily living or participation.
After acute primary and secondary injuries, there are subsequent changes including increased GABA-mediated
inhibition during the subacute stage and neuroplastic alterations that are adaptive or maladaptive during the chronic
stage. Therefore, timely and appropriate neuromodulation by transcranial direct current stimulation (tDCS) may be
beneficial to patients with TBI for neuroprotection or restoration of maladaptive changes.
Technologically, combination of imaging-based modelling or simultaneous brain signal monitoring with tDCS could
result in greater individualized optimal targeting allowing a more favorable neuroplasticity after TBI. Moreover, a
combination of task-oriented training using virtual reality with tDCS can be considered as a potent tele-rehabilitation
tool in the home setting, increasing the dose of rehabilitation and neuromodulation, resulting in better motor
recovery.
This review summarizes the pathophysiology and possible neuroplastic changes in TBI, as well as provides the general
concepts and current evidence with respect to the applicability of tDCS in motor recovery. Through its endeavors, it
aims to provide insights on further successful development and clinical application of tDCS in motor rehabilitation after
TBI.
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Background
Traumatic brain injury (TBI) is defined as “an alteration in
brain function (loss of consciousness, post-traumatic am-
nesia, and neurologic deficits) or other evidence of brain
pathology (visual, neuroradiologic, or laboratory confirm-
ation of damage to the brain) caused by external force” [1].
The incidence and prevalence of TBI are substantial and in-
creasing in both developing and developed countries. TBI
in older age groups due to falling has been on the rise in re-
cent years, becoming the prevalent condition in all age
groups [2, 3]. TBI causes broad spectrum of impairments,
including cognitive, psychological, sensory or motor

impairments [4, 5], which may increase the socioeconomic
burdens and reduce the quality of life [6, 7]. Although
motor impairment, such as limb weakness, gait disturbance,
balance problem, dystonia or spasticity, is less common
than neurocognitive or behavioral problems after TBI, about
30% of TBI survivors have reported motor deficits that se-
verely limited activities of daily living or participation [8].
Motor impairment after TBI is caused by both focal

and diffuse damages, making it difficult to determine the
precise anatomo-clinical correlations [9, 10]. According
to previous clinical studies, recovery after TBI also
seems worse than that after stroke, although the neuro-
plasticity after TBI may also play an important role for
recovery [11]. Therefore, a single unimodal approach for
motor recovery, including conventional rehabilitation,
may be limiting, and hence, requiring a novel thera-
peutic modality to improve the outcome after TBI.
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Transcranial direct current stimulation (tDCS) – one
of the noninvasive brain stimulation (NIBS) methods –
can increase or decrease the cortical excitability accord-
ing to polarity (anodal vs. cathodal) and be used to
modulate the synaptic plasticity to promote long-term
functional recovery via long-term depression or potenti-
ation [12, 13]. Recent clinical trials evaluating patients
with stroke have reported the potential benefits of tDCS
for motor recovery [14]. Neuroplastic changes after TBI
and results from animal studies also suggest that tDCS
could improve the motor deficit in TBI, although clinical
trials using tDCS for motor recovery in TBI are cur-
rently lacking [14].
In this review, we will cover (1) the pathophysiology

and possible neuroplastic changes in TBI; (2) physiology
of tDCS; (3) current clinical evidence of tDCS in TBI for
motor recovery; (4) general current concept of tDCS ap-
plication for motor recovery; and (5) the future develop-
ments and perspectives of tDCS for motor recovery after
TBI. Although the scope of motor recovery is wide, this
review will focus primarily on the recovery of limb func-
tion, especially that of the upper limb. We expect that
this review can provide insights on further successful de-
velopment and clinical application of tDCS in motor re-
habilitation after TBI.

Pathophysiology and possible neuroplastic
changes after TBI
Acute stage
Primary injury
According to the mechanism of trauma, there can be
various types of focal injury. Penetration can directly
damage the brain tissue and blood vessels, leading to
intracranial hemorrhage. Direct blow can cause coup
and countercoup injury of the brain parenchyma. Cere-
bral contusion caused by non-contact external force or
countercoup is common in the temporal or frontal lobes
due to the fragile surface being vulnerable to the sharp
and rough edges of the anterior and middle cranial fossa
[15]. The acceleration-deceleration force from the
trauma can cause diffuse axonal injury by the strain,
translational or rotational forces. The commonly in-
volved white matter areas by the diffuse axonal injury
are the brainstem, corpus callosum, basal ganglia, thal-
amus, and cerebral hemispheres [16]. Despite the small
focal injury, the accompanying diffuse axonal injury may
cause severe functional impairment due to the loss of
connectivity between the functionally-connected areas
[17].

Secondary injury
Secondary injury occurs any time from immediately fol-
lowing the primary injury to several weeks after the pri-
mary injury and can be caused by the following possible

mechanisms: excitotoxicity, cerebral edema, ischemia,
and neuro-inflammation (Fig. 1). In brief, an increase in
the release of glutamate induces the influx of calcium
ion into the neuronal cells, causing a series of harmful
effects. These serial changes include exacerbated meta-
bolic stress, mitochondrial damage [18], accumulation of
reactive oxygen species [19], calcium-induced calpain
proteolysis [20], and activation of endothelial and neur-
onal nitric oxide synthetase, which leads to increased
nitric oxide [19]. Both vasogenic edema caused by blood
brain barrier disruption and cytotoxic edema caused by
neuronal cell dysfunction or death aggravates the degree
of injury [21]. Direct vascular and blood brain barrier
disruption interferes with blood flow autoregulation and
decreased perfusion, potentially leading to cerebral is-
chemia [22]. Acute inflammation may occur after TBI,
which is mediated by neutrophils, macrophages, and
pro-inflammatory cytokines, contributing to further sec-
ondary damages as well as tissue regeneration and plasti-
city [23, 24]. Kochanek et al. provides a comprehensive
review of secondary injuries after TBI [25].

Subacute stage
After acute injury, remyelination or neuroplasticity con-
tributes to motor recovery, which is most eminent
within the first 3 months after injury [26]. In the sub-
acute state, GABA-mediated inhibition seems to play an
important role in neuroplasticity. Although an increase
in the GABA-mediated intervention may be beneficial
during the acute phase [27], continued increase can
interfere with recovery. Kobori et al. demonstrated that
increased GABA levels are associated with long-term
memory impairment, which may be restored after the
administration of GABA antagonists [28]. O’Dell et al.
also reported similar results supporting that the modula-
tion to decrease the GABA-medicated inhibition could
promote recovery [29, 30]. Both animal and human
studies regarding stroke also demonstrated the import-
ant role of GABA-mediated inhibition on the motor
recovery [31, 32]. Therefore, the intervention to modu-
late GABAergic activity may be promising for motor re-
covery in subacute stage of TBI.

Chronic stage
After sustaining brain damage, neuroplastic changes
could either be adaptive or maladaptive, the latter may
be associated with poor functional recovery. In a previ-
ous study of patients with stroke, both contralesional
and ipsilesional motor cortices were activated during
voluntary movement of the paretic hand [33]. When pa-
tients recovered poorly, the activation of contralesional
motor cortex was greater, and these neuroplastic
changes are now considered as maladaptive neuroplastic
changes [34, 35]. Therefore, NIBS for the modulation of
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maladaptive plasticity, even during the chronic stages,
could be beneficial [36].

Physiology of tDCS
tDCS delivers direct constant electrical currents to the
cortical area of brain between two electrodes (anode and
cathode), modulating the neuronal excitability by chan-
ging the resting membrane potential level [37]. The
change in the direction of excitability after tDCS mainly
depends on the electrode montages [38]. For instance,
an anodal stimulation over the motor cortex increases
the excitability, whereas a cathodal stimulation decreases
the excitability [39]. Short-term effects of tDCS appear
to be caused by alterations in hydrogen ions and trans-
membrane proteins, which is a nonsynaptic mechanism
[40]. The long-term effects of tDCS may depend on syn-
aptic modulation, which is long-term potentiation or
long-term depression [38, 41]. Anodal tDCS could
induce long-term potentiation by modulating GABAAer-
gic and glutamatergic synapses [42, 43], whereas cath-
odal tDCS could induce the long-term depression by
reducing the glutamatergic activity [44].
Therefore, according to various changes in different

stages after TBI, different tDCS protocols can be consid-
ered [45]. Cathodal tDCS can be considered during the
acute stage to decrease the glutamate-mediated excito-
toxicity. In the subacute stage, anodal tDCS can be con-
sidered to reduce the GABA-mediated inhibition.
Moreover, tDCS with behavioral interventions can be
considered during the chronic stages to overcome mal-
adaptive plasticity. These are only suggestions and future
clinical trials are needed to prove the efficacy of tDCS

and to define the optimal location for stimulation as well
as the parameters associated with tDCS in patients with
TBI.

Current clinical evidence of tDCS in TBI for motor
recovery
Although there have been studies investigating the effect
of NIBS on the non-motor impairments (e.g. depression,
memory, attention) in patients with TBI [14, 46], studies
for motor recovery is lacking. In the study including only
two patients with TBI, bi-hemispheric tDCS on C3 and
C4 (1.5 mA for 15min/session, total 24 sessions) im-
proved the upper extremity Fugl-Meyer scores for up to
6 months after treatment [47]. Some recent animal stud-
ies with the TBI model have also been published. In a
unilateral controlled cortical impact model, Jefferson et
al. reported greater behavioral improvements and in-
creased wrist motor cortical presentation after ipsile-
sional 100 Hz cortical stimulation with reaching training
when compared with the reaching training only [48].
However, the overall degree of recovery was modest and
less than the recovery level in similar stroke studies [49,
50], which may implicate that the parameters of cortical
stimulation from stroke studies are suboptimal in mod-
erate and severe TBI. Recovery and neuroplastic mech-
anism after TBI could be different from that after stroke
[51], and a future study using tDCS to prove the efficacy
and define the parameters for better recovery (e.g.
stimulation location, mode, duration) in TBI is needed.
In a recent study with controlled cortical impact model,

a standalone ipsilesional 30Hz cortical stimulation dem-
onstrated no significant behavioral improvements or

Fig. 1 Pathophysiologic mechanisms of secondary injury after traumatic brain injury (Figure modified from reference [25])
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lesion size difference using FDG-microPET when com-
pared with no stimulation [52]. This result corresponds
with the opinion of Talelli et al., who asserted that cortical
stimulation alone could not induce the brain to from ap-
propriate connections needed for recovery [53], implying
that behavioral therapy must be combined with cortical
stimulation for motor recovery.
Stroke causes motor impairment as a result of cortical

or subcortical damages and motor recovery is associated
with neuroplastic changes, which is similar with TBI
[54]. Therefore, clinical studies evaluating tDCS in pa-
tients with stroke could provide implications for its ap-
plicability in TBI. Recent Cochrane review showed a
positive effect of tDCS on activities of daily living per-
formance compared with the sham intervention at the
end of the intervention period and at the end of the
3-month follow-up period [36]. However, tDCS on the
upper extremity function revealed no evidence of a bet-
ter effect than the control. In a recent study using a net-
work meta-analysis of randomized controlled trials, only
cathodal tDCS demonstrated a positive effect on im-
proving the activities of daily living capacity but arm
function measured by the Fugl-Meyer upper extremity
assessment was not improved by tDCS [55]. Therefore,
the effect of tDCS on motor recovery is still modest even
in patients with stroke and a well-designed study with a
larger number of patients is needed.

General current concept of tDCS application for
motor recovery
Traditionally, the interhemispheric inhibition model was
proposed to develop a strategy for neuromodulation
after stroke. Although the pathophysiology could be dif-
ferent in patients with TBI, this concept may be applic-
able to those with TBI who have hemiparesis or
hemiplegia due to the focal brain parenchymal lesion. In
patients with stroke, the motor cortex activations in the
bilateral hemispheres are counterbalanced by the inter-
hemispheric inhibition [56]. The intact contralesional
motor cortex will drive higher inhibitory signals to the
ipsilesional motor cortex and then ipsilesional motor
cortex will be over-inhibited (maladaptive plasticity),
which will lead to poor motor recovery (Fig. 2) [57, 58].
Therefore, cathodal tDCS over the contralesional motor
cortex to inhibit the over-inhibition of ipsileional motor
cortex or direct excitation of ipsilesional motor cortex
by anodal tDCS over the ipsilesional motor cortex can
be considered for reducing the maladaptive plasticity
(Fig. 2). However, the interhemispheric inhibition model
is challenged, because this model is based on the studies
only in the chronic and mild stroke patients [56, 59]. For
example, in stroke patients with severe motor impair-
ments due to extensive injury of corticospinal tract, in-
crease in the activation of contralesional motor cortex
might be important for the recovery [60–62]. Cathodal

Fig. 2 Strategy of noninvasive brain stimulation based on the interhemispheric inhibition model (Figure modified from reference [58])
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tDCS over the contralesional hemisphere induced no
significant recovery in patients with extensive corticosp-
inal tract damage, whereas it was effective in patients
with small corticospinal tract damage [63]. Therefore,
Pino et al. suggested the bimodal balance-recovery
model, which is modulated by the degree of structural
reserve [61]. If the structural reserve is high, interhemi-
spheric inhibition model plays an important role in re-
covery. Conversely, if the structural reserve is low, the
role of interhemispheric inhibition model is less import-
ant for recovery and the activation of contralesional
hemisphere may play a more important role; hence an-
odal tDCS over the contralesional hemisphere may be
beneficial. Further studies to prove this bimodal
balance-recovery model in various stages (acute, sub-
acute, chronic) and severities of stroke are needed for a
more tailored tDCS protocol.

Future development and perspective of tDCS for
motor recovery after TBI
There are several concerns regarding the use of tDCS in
a real clinical setting due to the associated intra- and
inter-individual variabilities with respect to electrical
current, responses and optimal stimulation target. Al-
though tDCS offers greater convenience than magnetic
stimulation, its accessibility to users, clinicians or
patients, remains low. Appropriate task-oriented training
must be implemented to augment the effect of tDCS for
motor recovery [52, 53]. Therefore, further research and
development of tDCS is necessary to address such limi-
tations and to maximize the effect of tDCS on motor re-
covery after TBI.

Personalized tDCS
Electrical current induced by tDCS is variable in accord-
ance with the individual different head anatomy [64–67].
In addition, the intensity or distribution of current by
tDCS could be modified in TBI patients with skull defect
or skull plates after surgery [68]. Therefore, a personal-
ized tDCS using MRI-based computational modeling
could be an effective solution to overcome these limita-
tions. The computational modeling techniques have
widely been used to calculate the theoretic electric field
induced by tDCS and optimize the electrode positions
for the maximization of current intensity on the target
areas with consideration to the unique head anatomy of
each individual [64, 65].
Moreover, recent advancements in the computational

modeling have enabled a novel high-definition tDCS tech-
nique with manually configured array electrodes for rela-
tively improved spatial resolution [65]. The effectiveness
of the high-definition tDCS technique has been reported
by showing increased motor evoked potential (MEP) am-
plitudes compared with those after conventional anodal

tDCS stimulation on the primary motor cortex [69].
Figure 3 shows schematic classification of electrode
arrays for personalized tDCS, which may more effect-
ively and precisely modulate the focal area [66, 67].

Analysis of tDCS responses
If clinicians can monitor the tDCS responses before,
during, and after stimulation, these changes can be used
as surrogate markers for the effect of tDCS on neuro-
plasticity and the stimulation parameters could be ad-
justed according to these results. MEP can be one of the
candidate surrogate markers reflecting immediate
changes in the brain function by tDCS [12]. During the
multiple sessions of anodal tDCS, MEP response to one
anodal tDCS session may predict the response to subse-
quent sessions [70]. These results indicate that measure-
ment of immediate functional responses of the brain by
MEP after tDCS can be useful in monitoring the efficacy
of tDCS.
Recent advancements in software-based signal pro-

cessing techniques have enabled rapid or real-time ana-
lyses of functional activation of the brain [71–76].
Integration of these techniques into the tDCS system
may improve the efficacy in a real-clinical setting. Func-
tional magnetic resonance imaging (fMRI) can be used
to monitor the functional changes induced by tDCS
[71]. However, accessibility for fMRI is limited due to
space, cost, complex signal processing, and low temporal
resolutions to monitor the immediate blood oxygen
level-dependent signal changes; hence real-time applica-
tion may be difficult.
Electroencephalography (EEG) can reflect the

tDCS-induced immediate changes in functional activation
and networks in the brain. tDCS increased the 8-13Hz mu
event-related desynchronization, which showed a direct
correlation with motor threshold [73]. Anodal tDCS over
the primary motor cortex increased the functional connect-
ivity in the premotor, motor, and sensorimotor areas during
motor tasks [74]. These findings demonstrate that consist-
ent and predictable changes measured by EEG can be used
to monitor or evaluate immediate responses after tDCS.
EEG has advantages, including high temporal resolution
[77], that provide various possible information associated
with the effect of tDCS (e.g. power spectrum, event-related
potentials, coherence) [78]. EEG with dry electrodes having
the acceptable impedance level could improve the usability
in a real clinical setting [79]. However, in case of simultan-
eous EEG-tDCS use, the EEG signal should be carefully an-
alyzed, considering the potential signal artifacts generated
by tDCS [80]. Functional near infrared spectroscopy
(fNIRS) can be also used simultaneously with tDCS. An in-
crease in the resting-state inter-hemispheric connectivity
with increased flexion speed was measured after
bi-hemispheric tDCS over the primary motor cortex [76].
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tDCS over the sensorimotor cortex resulted in a significant
reduction in the local brain activities required for the same
sequential finger movement, representing a greater effi-
ciency of neural transmission after tDCS [75]. With respect
to simultaneous measurement with tDCS, fNIRS may be a
better option than EEG, considering that its optical meas-
urement system has no interference with the electrical
current induced by tDCS. However, fNIRS has its limita-
tions, such as difficulties associated with its applicability in
hair-covered areas [81, 82] and its potential optical brain
stimulation effect [83, 84].
Therefore, integrating EEG or fNIRS with tDCS

may help the clinician to optimize the stimulation pa-
rameters that maximize the adaptive plasticity and re-
covery, despite their respective advantages and
disadvantages. The schematic of a personalized tDCS,
optimized by the potential real-time response analysis
is shown in Fig. 4.

Combination with task-oriented training using virtual
reality
NIBS seems to be more effective when it is combined
with task-oriented motor training. In previous animal
stroke studies, combination of cortical stimulation and
rehabilitation training induces brain plasticity and func-
tional improvement [49, 85]. The beneficial effect of
combination of NIBS with task-oriented training is also
found in studies with stroke patients [86, 87]. Therefore,
it may be important to combine task-oriented training
with tDCS in clinical settings to optimize motor recov-
ery after brain injury.
With respect to using modern technology, virtual real-

ity (VR)-based rehabilitation can be a promising option.
Task-oriented training can be provided using VR com-
bined with tDCS. VR-based therapies can induce the re-
petitive task-oriented motions and may be beneficial to
encourage patient motivation by gamifications and

Fig. 3 Schematic classification of personalized tDCS for motor recovery. Depending on electrode size, shape, and arrangement, tDCS can be
broadly classified into a Conventional tDCS, b Customized Electrode tDCS, and c Distributed Array or High-Definition tDCS. Red color represents
anodes and blue color represents cathodes

Fig. 4 Potential response analysis after personalized tDCS combined with EEG or fNIRS. (A) EEG power spectrum, hemodynamics, functional
network, and stimulus responses can be monitored within or near stimulation electrode areas in personalized electrode tDCS. (B) Those parameters can be
monitored in the whole brain areas in distributed array tDCS combined with EEG of fNIRS. Red color represents anodes and blue color represents
cathodes. tDCS: transcranial direct current stimulation; EEG: electroencephalography; fNIRS: functional near infrared spectroscopoy
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various interesting feedbacks [88–92]. In a recent
Cochrane Systematic Review of the use of VR in stroke
rehabilitation, it was found that when VR was used in
combination with other usual care, there was improve-
ment in the upper limb function (SMD 0.49, 95% CI
0.21 to 0.77, 210 participants from 10 studies), although
the superiority to conventional therapy was not found
[93]. In addition to the positive effects of VR alone, syn-
ergistic effects of combining VR with tDCS have been
reported in stroke patients with motor impairment [94–
97]. For example, Lee and Chen reported that a combin-
ation of tDCS and non-immersive virtual rehabilitation
simultaneously was more effective than using each ther-
apy alone in stroke patients with unilateral upper ex-
tremity weakness [94]. Therefore, merged system of
tDCS and VR can provide a greater chance for recovery.
In addition, tDCS and VR can be applied in the home
setting due to its portability, relatively low cost, and pos-
sible tele-monitoring system, providing more time for
rehabilitation [98, 99], which may contribute to better
recovery (Fig. 5). Further studies are necessary to better
investigate these possible benefits of combinational
modalities.

Conclusions
After TBI, tDCS can modulate the neuroplasticity and
has the potential to promote motor recovery. Different
changes in the brain at different times after the onset of
TBI reveal the need for different neuromodulation ap-
proaches in accordance with the chronicity. Although
many stroke studies have provided some implications of
using tDCS in TBI for motor recovery, TBI is associated
with different pathophysiology and more diffuse network
disruptions; hence a well-designed clinical trial is needed
in the future to prove the efficacy of tDCS and define
the optimal stimulation parameters.

For more individualized approaches, imaging-based
modelling or brain signal monitoring system can be com-
bined with tDCS. By combining these technologies, opti-
mal targeting may be possible, inducing a more favorable
neuroplasticity. A combination of task-oriented training
using a novel modern technology such as VR with tDCS
can promote neuroplastic changes for motor recovery,
which may lead to be a potent tele-rehabilitation tool in
the home setting. Therefore, the development of a com-
bination approach with tDCS and clinical trials to investi-
gate the effect of this approach is required.

Abbreviations
EEG: Electroencephalography; fMRI: Functional magnetic resonance imaging;
fNIRS: Functional near infrared spectroscopy; MEP: Motor evoked potential;
NIBS: Noninvasive brain stimulation; TBI: Traumatic brain injury;
tDCS: Transcranial direct current stimulation; VR: Virtual reality

Acknowledgements
Not applicable.

Funding
This research was supported by the Basic Science Research Program through
the National Research Foundation of Korea (NRF) funded by the Ministry of
Science, ICT and future Planning (NRF-2016R1A2B4013730), and by the
Ministry of Trade Industry & Energy (MOTIE, Korea), Ministry of Science & ICT
(MSIT, Korea), and Ministry of Health & Welfare(MOHW, Korea) under
Technology Development Program for AI-Bio-Robot-Medicine Convergence
(20001650).

Availability of data and materials
Not applicable.

Authors’ contributions
WSK contributing to drafting and formatting the manuscript. WSK and NJP
contributed substantially the section on pathophysiology of TBI, physiology
of tDCS, current evidence and general concept of tDCS application for
motor recovery. KL, SK and SC contributed substantially to the section on
future development and perspective of tDCS for motor recovery after TBI. SC
mainly contributed to visualize the figures. All the authors participated in the
conception of the scope and structure of the paper, edited, reviewed and
approved the manuscript.

Fig. 5 Merged system with tDCS and virtual reality. Patient with TBI can use this system in the hospital setting with the supervision of clinican (a)
and can continue to use it at their home with tele-monitored system (b)

Kim et al. Journal of NeuroEngineering and Rehabilitation           (2019) 16:14 Page 7 of 10



Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
KL and SK have equity in Ybrain Inc. Ybrain has patents in tDCS with KL and
SK as inventors. SC has equity in Delvine Inc. Seoul National University R&DB
Foundation and Seoul National University Bundang Hospital have the patent
related with VR with SC, WSK, and NJP as inventors.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Department of Rehabilitation Medicine, Seoul National University College of
Medicine, Seoul National University Bundang Hospital, 82, Gumi-ro 173
Beon-gil, Bundang-gu, Seongnam-si, Gyeonggi-do 13620, Republic of Korea.
2Ybrain Research Institute, Seongnam-si, Republic of Korea. 3Delvine Inc.,
Seoul, Republic of Korea.

Received: 18 September 2018 Accepted: 21 January 2019

References
1. Menon DK, Schwab K, Wright DW, Maas AI. Position statement: definition of

traumatic brain injury. Arch Phys Med Rehabil. 2010;91:1637–40.
2. Peeters W, van den Brande R, Polinder S, Brazinova A, Steyerberg EW,

Lingsma HF, et al. Epidemiology of traumatic brain injury in Europe. Acta
neurochirurgica. 2015;157:1683–96.

3. Faul M, Coronado V. Epidemiology of traumatic brain injury. Handb Clin
Neurol. 2015;127:3–13.

4. Riggio S. Traumatic brain injury and its neurobehavioral sequelae. Neurol
Clin. 2011;29:35–47.

5. Arciniegas DB, Wortzel HS. Emotional and behavioral dyscontrol after
traumatic brain injury. Psychiatr Clin North Am. 2014;37:31–53.

6. Te Ao B, Tobias M, Ameratunga S, McPherson K, Theadom A, Dowell A,
et al. Burden of traumatic brain injury in New Zealand: incidence,
prevalence and disability-adjusted life years. Neuroepidemiology. 2015;44:
255–61.

7. Scholten AC, Haagsma JA, Andriessen TM, Vos PE, Steyerberg EW, van Beeck
EF, et al. Health-related quality of life after mild, moderate and severe
traumatic brain injury: patterns and predictors of suboptimal functioning
during the first year after injury. Injury. 2015;46:616–24.

8. Walker WC, Pickett TC. Motor impairment after severe traumatic brain injury:
a longitudinal multicenter study. J Rehabil Res Dev. 2007;44:975–82.

9. Algattas H, Huang JH. Traumatic brain injury pathophysiology and
treatments: early, intermediate, and late phases post-injury. Int J Mol Sci.
2013;15:309–41.

10. Barba C, Formisano R, Sabatini U, Cicinelli P, Elisabeth Hagberg G, Marconi
B, et al. Dysfunction of a structurally normal motor pathway in a brain injury
patient as revealed by multimodal integrated techniques. Neurocase. 2006;
12:232–5.

11. Jones TA, Liput DJ, Maresh EL, Donlan N, Parikh TJ, Marlowe D, et al.
Use-dependent dendritic regrowth is limited after unilateral controlled
cortical impact to the forelimb sensorimotor cortex. J Neurotrauma.
2012;29:1455–68.

12. Nitsche MA, Paulus W. Excitability changes induced in the human motor
cortex by weak transcranial direct current stimulation. J Physiol. 2000;527(3):
633–9.

13. Liebetanz D, Nitsche MA, Tergau F, Paulus W. Pharmacological approach to
the mechanisms of transcranial DC-stimulation-induced after-effects of
human motor cortex excitability. Brain. 2002;125:2238–47.

14. Li S, Zaninotto AL, Neville IS, Paiva WS, Nunn D, Fregni F. Clinical utility of
brain stimulation modalities following traumatic brain injury: current
evidence. Neuropsychiatr Dis Treat. 2015;11:1573–86.

15. Kaufman DM, Geyer HL, Milstein MJ. Traumatic brain injury. In: Kaufman DM,
Geyer HL, Milstein MJ,editors. Kaufman’s clinical neurology for psychiatrists.
8th ed. New York: Elsevier Saunders; 2018. p. 519–35.

16. Yokobori S, Bullock R. Pathophysiology of primary traumatic brain injury. In:
Zasler ND, Katz DI, Zafonte RD, editors. Brain injury medicine: principles and
practice. New York: Demos Medical Publishing; 2012. p. 137–47.

17. Povlishock JT, Katz DI. Update of neuropathology and neurological recovery
after traumatic brain injury. J Head Trauma Rehabil. 2005;20:76–94.

18. Bramlett HM, Dietrich WD. Pathophysiology of cerebral ischemia and brain
trauma: similarities and differences. J Cereb Blood Flow Metab. 2004;24:133–50.

19. Cherian L, Hlatky R, Robertson CS. Nitric oxide in traumatic brain injury.
Brain Pathol. 2004;14:195–201.

20. Syntichaki P, Tavernarakis N. The biochemistry of neuronal necrosis: rogue
biology? Nat Rev Neurosci. 2003;4:672–84.

21. Zink BJ, Szmydynger-Chodobska J, Chodobski A. Emerging concepts in the
pathophysiology of traumatic brain injury. Psychiatr Clin North Am. 2010;33:
741–56.

22. Philip S, Udomphorn Y, Kirkham FJ, Vavilala MS. Cerebrovascular
pathophysiology in pediatric traumatic brain injury. J Trauma. 2009;67(Suppl
2):128–34.

23. Ziebell JM, Morganti-Kossmann MC. Involvement of pro- and anti-
inflammatory cytokines and chemokines in the pathophysiology of
traumatic brain injury. Neurotherapeutics. 2010;7:22–30.

24. Finnie JW. Neuroinflammation: beneficial and detrimental effects after
traumatic brain injury. Inflammopharmacology. 2013;21:309–20.

25. Patrick M, Kochanek RSBC, Jenkins LW. Pathophysiology of Secondary Brain
Injury. In: Zasler ND, Katz DI, Zafonte RD, editors. Brain injury medicine:
principles and practice. New York: Demos Medical Publishing; 2012. p. 148–61.

26. Fawcett J. Molecular control of brain plasticity and repair. Prog Brain Res.
2009;175:501–9.

27. Shulga A, Thomas-Crusells J, Sigl T, Blaesse A, Mestres P, Meyer M, et al.
Posttraumatic GABA(A)-mediated [Ca2+]i increase is essential for the
induction of brain-derived neurotrophic factor-dependent survival of
mature central neurons. J Neurosci. 2008;28:6996–7005.

28. Kobori N, Dash PK. Reversal of brain injury-induced prefrontal glutamic acid
decarboxylase expression and working memory deficits by D1 receptor
antagonism. J Neurosci. 2006;26:4236–46.

29. O'Dell DM, Gibson CJ, Wilson MS, DeFord SM, Hamm RJ. Positive and
negative modulation of the GABA(A) receptor and outcome after traumatic
brain injury in rats. Brain Res. 2000;861:325–32.

30. O'Dell DM, Hamm RJ. Chronic postinjury administration of MDL 26,479
(Suritozole), a negative modulator at the GABAA receptor, and cognitive
impairment in rats following traumatic brain injury. J Neurosurg. 1995;83:
878–83.

31. Alia C, Spalletti C, Lai S, Panarese A, Micera S, Caleo M. Reducing GABAA-
mediated inhibition improves forelimb motor function after focal cortical
stroke in mice. Sci Rep. 2016;6:37823.

32. Blicher JU, Near J, Naess-Schmidt E, Stagg CJ, Johansen-Berg H, Nielsen JF,
et al. GABA levels are decreased after stroke and GABA changes during
rehabilitation correlate with motor improvement. Neurorehabil Neural
Repair. 2015;29:278–86.

33. Chollet F, DiPiero V, Wise RJ, Brooks DJ, Dolan RJ, Frackowiak RS. The
functional anatomy of motor recovery after stroke in humans: a study with
positron emission tomography. Ann Neurol. 1991;29:63–71.

34. Cramer SC, Nelles G, Benson RR, Kaplan JD, Parker RA, Kwong KK, et al. A
functional MRI study of subjects recovered from hemiparetic stroke. Stroke.
1997;28:2518–27.

35. Netz J, Lammers T, Homberg V. Reorganization of motor output in the non-
affected hemisphere after stroke. Brain. 1997;120:1579–86.

36. Elsner B, Kugler J, Pohl M, Mehrholz J. Transcranial direct current stimulation
(tDCS) for improving activities of daily living, and physical and cognitive
functioning, in people after stroke. Cochrane Database Syst Rev. 2016;3:
Cd009645.

37. Nitsche MA, Cohen LG, Wassermann EM, Priori A, Lang N, Antal A, et al.
Transcranial direct current stimulation: State of the art 2008. Brain Stimul.
2008;1:206–23.

38. Stagg CJ, Nitsche MA. Physiological basis of transcranial direct current
stimulation. Neuroscientist. 2011;17:37–53.

39. Nitsche MA, Paulus W. Sustained excitability elevations induced by
transcranial DC motor cortex stimulation in humans. Neurology. 2001;57:
1899–901.

40. Nitsche MA, Liebetanz D, Antal A, Lang N, Tergau F, Paulus W. Modulation
of cortical excitability by weak direct current stimulation--technical, safety
and functional aspects. Suppl Clin Neurophysiol. 2003;56:255–76.

Kim et al. Journal of NeuroEngineering and Rehabilitation           (2019) 16:14 Page 8 of 10



41. Bolognini N, Pascual-Leone A, Fregni F. Using non-invasive brain stimulation
to augment motor training-induced plasticity. J Neuroeng Rehabil. 2009;6:8.

42. Nitsche MA, Seeber A, Frommann K, Klein CC, Rochford C, Nitsche MS, et al.
Modulating parameters of excitability during and after transcranial direct
current stimulation of the human motor cortex. J Physiol. 2005;568:291–303.

43. Stagg CJ, Best JG, Stephenson MC, O'Shea J, Wylezinska M, Kincses ZT, et al.
Polarity-sensitive modulation of cortical neurotransmitters by transcranial
stimulation. J Neurosci. 2009;29:5202–6.

44. Nitsche MA, Fricke K, Henschke U, Schlitterlau A, Liebetanz D, Lang N, et al.
Pharmacological modulation of cortical excitability shifts induced by
transcranial direct current stimulation in humans. J Physiol. 2003;553:293–301.

45. Demirtas-Tatlidede A, Vahabzadeh-Hagh AM, Bernabeu M, Tormos JM,
Pascual-Leone A. Noninvasive brain stimulation in traumatic brain injury. J
Head. Trauma. 2012;27:274–92.

46. Dhaliwal SK, Meek BP, Modirrousta MM. Non-invasive brain stimulation for
the treatment of symptoms following traumatic brain injury. Front
Psychiatry. 2015;6:119.

47. Middleton A, Fritz SL, Liuzzo DM, Newman-Norlund R, Herter TM. Using
clinical and robotic assessment tools to examine the feasibility of pairing
tDCS with upper extremity physical therapy in patients with stroke and TBI:
a consideration-of-concept pilot study. NeuroRehabilitation. 2014;35:741–54.

48. Jefferson SC, Clayton ER, Donlan NA, Kozlowski DA, Jones TA, Adkins DL.
Cortical stimulation concurrent with skilled motor training improves
forelimb function and enhances motor cortical reorganization following
controlled cortical impact. Neurorehabil Neural Repair. 2016;30:155–8.

49. Adkins DL, Hsu JE, Jones TA. Motor cortical stimulation promotes synaptic
plasticity and behavioral improvements following sensorimotor cortex
lesions. Exp Neurol. 2008;212:14–28.

50. O'Bryant AJ, Adkins DL, Sitko AA, Combs HL, Nordquist SK, Jones TA.
Enduring poststroke motor functional improvements by a well-timed
combination of motor rehabilitative training and cortical stimulation in rats.
Neurorehabil Neural Repair. 2016;30:143–54.

51. Clayton E, Kinley-Cooper SK, Weber RA, Adkins DL. Brain stimulation:
Neuromodulation as a potential treatment for motor recovery following
traumatic brain injury. Brain Res. 2016;1640:130–8.

52. Schonfeld LM, Jahanshahi A, Lemmens E, Bauwens M, Hescham SA,
Schipper S, et al. Motor cortex stimulation does not lead to functional
recovery after experimental cortical injury in rats. Restor Neurol Neurosci.
2017;35:295–305.

53. Talelli P, Rothwell J. Does brain stimulation after stroke have a future? Curr
Opin Neurol. 2006;19:543–50.

54. Dimyan MA, Cohen LG. Neuroplasticity in the context of motor
rehabilitation after stroke. Nat Rev Neurol. 2011;7:76–85.

55. Elsner B, Kwakkel G, Kugler J, Mehrholz J. Transcranial direct current
stimulation (tDCS) for improving capacity in activities and arm function after
stroke: a network meta-analysis of randomised controlled trials. J Neuroeng
Rehabil. 2017;14:95.

56. Murase N, Duque J, Mazzocchio R, Cohen LG. Influence of interhemispheric
interactions on motor function in chronic stroke. Annal Neurol. 2004;55:400–9.

57. Takeuchi N, Izumi S. Maladaptive plasticity for motor recovery after stroke:
mechanisms and approaches. Neural Plast. 2012;2012:359728.

58. Hummel FC, Cohen LG. Non-invasive brain stimulation: a new strategy to
improve neurorehabilitation after stroke? Lancet Neurol. 2006;5:708–12.

59. Duque J, Hummel F, Celnik P, Murase N, Mazzocchio R, Cohen LG.
Transcallosal inhibition in chronic subcortical stroke. Neuroimage. 2005;28:
940–6.

60. Bajaj S, Housley SN, Wu D, Dhamala M, James GA, Butler AJ. Dominance of
the unaffected hemisphere motor network and its role in the behavior of
chronic stroke survivors. Front Hum Neurosci. 2016;10:650.

61. Di Pino G, Pellegrino G, Assenza G, Capone F, Ferreri F, Formica D, et al.
Modulation of brain plasticity in stroke: a novel model for
neurorehabilitation. Nat Rev Neurol. 2014;10:597–608.

62. Werhahn KJ, Conforto AB, Kadom N, Hallett M, Cohen LG. Contribution of
the ipsilateral motor cortex to recovery after chronic stroke. Ann Neurol.
2003;54:464–72.

63. Bradnam LV, Stinear CM, Barber PA, Byblow WD. Contralesional hemisphere
control of the proximal paretic upper limb following stroke. Cereb Cortex.
2012;22:2662–71.

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

65. Datta A, Truong D, Minhas P, Parra LC, Bikson M. Inter-individual
variation during transcranial direct current stimulation and normalization
of dose using MRI-derived computational models. Front Psychiatry.
2012;3:91.

66. Laakso I, Tanaka S, Koyama S, De Santis V, Hirata A. Inter-subject Variability
in Electric Fields of Motor Cortical tDCS. Brain Stimul. 2015;8:906–13.

67. Cancelli A, Cottone C, Di Giorgio M, Carducci F, Tecchio F. Personalizing the
Electrode to Neuromodulate an Extended Cortical Region. Brain Stimul.
2015;8:555–60.

68. Datta A, Bikson M, Fregni F. Transcranial direct current stimulation in
patients with skull defects and skull plates: high-resolution computational
FEM study of factors altering cortical current flow. Neuroimage. 2010;52:
1268–78.

69. Kuo HI, Bikson M, Datta A, Minhas P, Paulus W, Kuo MF, et al. Comparing
cortical plasticity induced by conventional and high-definition 4× 1 ring
tDCS: a neurophysiological study. Brain Stimuli. 2013;6:644–8.

70. López-Alonso V, Fernández-del-Olmo M, Costantini A, Gonzalez-Henriquez
JJ, Cheeran B. Intra-individual variability in the response to anodal
transcranial direct current stimulation. Clin Neurophysiol. 2015;126:2342–7.

71. Antal A, Polania R, Schmidt-Samoa C, Dechent P, Paulus W. Transcranial
direct current stimulation over the primary motor cortex during fMRI.
NeuroImage. 2011;55:590–6.

72. Sehm B, Kipping JA, Schäfer A, Villringer A, Ragert P. A comparison between
uni-and bilateral tDCS effects on functional connectivity of the human
motor cortex. Front Hum Neurosci. 2013;7:183.

73. Matsumoto J, Fujiwara T, Takahashi O, Liu M, Kimura A, Ushiba J.
Modulation of mu rhythm desynchronization during motor imagery by
transcranial direct current stimulation. J Neuroeng Rehabil. 2010;7:27.

74. Polanía R, Nitsche MA, Paulus W. Modulating functional connectivity
patterns and topological functional organization of the human brain with
transcranial direct current stimulation. Hum Brain Mapp. 2011;32:1236–49.

75. Muthalib M, Besson P, Rothwell J, Ward T, Perrey S. Effects of anodal high-
definition transcranial direct current stimulation on bilateral sensorimotor
cortex activation during sequential finger movements: an fNIRS study. Adv
Exp Med Biol. 2016;876:351–9.

76. Khan B, Hodics T, Hervey N, Kondraske G, Stowe AM, Alexandrakis G.
Functional near-infrared spectroscopy maps cortical plasticity underlying
altered motor performance induced by transcranial direct current
stimulation. J Biomed Opt. 2013;18:116003.

77. Teplan M. Fundamentals of EEG measurement. Meas Sci Rev. 2002;2:1–11.
78. Delorme A, Makeig S. EEGLAB: an open source toolbox for analysis of

single-trial EEG dynamics including independent component analysis. J
Neurosci Methods. 2004;134:9–21.

79. Li G, Wang S, Duan YY. Towards conductive-gel-free electrodes:
understanding the wet electrode, semi-dry electrode and dry electrode-skin
interface impedance using electrochemical impedance spectroscopy fitting.
Sens Actuators B. 2018;277:250–60.

80. Mancini M, Pellicciari MC, Brignani D, Mauri P, De Marchis C, Miniussi C,
et al. Automatic artifact suppression in simultaneous tDCS-EEG using
adaptive filtering. In: Conf Proc IEEE Eng Med Biol Soc; 2015. p. 2729–32.

81. Khan B, Wildey C, Francis R, Tian F, Romero MI, Delgado MR, et al.
Improving optical contact for functional near-infrared brain spectroscopy
and imaging with brush optodes. Biomed Opt Express. 2012;3:878–98.

82. Yamada T, Ohashi M, Umeyama S. Development of a fiber-less fNIRS system
and its application to haircovered head. In proceedings of SPIE BIOS: 1-6
February 2014; San Francisco. p. 89280R. https://doi.org/10.1117/12.2036155.

83. Hamblin MR. Shining light on the head: photobiomodulation for brain
disorders. BBA Clin. 2016;6:113–24.

84. Wang X, Dmochowski J, Husain M, Gonzalez-Lima F, Liu H. Transcranial
infrared brain stimulation modulates EEG alpha power. Brain Stimul Basic
Transl Clin Res. 2017;10:e67–9.

85. Adkins-Muir DL, Jones TA. Cortical electrical stimulation combined with
rehabilitative training: enhanced functional recovery and dendritic plasticity
following focal cortical ischemia in rats. Neurol Res. 2003;25:780–8.

86. Takeuchi N, Tada T, Toshima M, Chuma T, Matsuo Y, Ikoma K. Inhibition
of the unaffected motor cortex by 1 Hz repetitive transcranical
magnetic stimulation enhances motor performance and training effect
of the paretic hand in patients with chronic stroke. J Rehabil Med.
2008;40:298–303.

87. Bolognini N, Vallar G, Casati C, Latif LA, El-Nazer R, Williams J, et al.
Neurophysiological and behavioral effects of tDCS combined with

Kim et al. Journal of NeuroEngineering and Rehabilitation           (2019) 16:14 Page 9 of 10

https://doi.org/10.1117/12.2036155


constraint-induced movement therapy in poststroke patients. Neurorehabil
Neural Repair. 2011;25:819–29.

88. Pietrzak E, Pullman S, McGuire A. Using virtual reality and videogames for
traumatic brain injury rehabilitation: a structured literature review. Games
Health J. 2014;3:202–14.

89. Kim WS, Cho S, Park SH, Lee JY, Kwon S, Paik NJ. A low cost kinect-based
virtual rehabilitation system for inpatient rehabilitation of the upper limb in
patients with subacute stroke: A randomized, double-blind, sham-controlled
pilot trial. Medicine. 2018;97:e11173.

90. Hsieh Y, Chang K, Hung J, Wu C, Fu M, Chen C. Effects of home-based
versus clinic-based rehabilitation combining mirror therapy and task-specific
training for patients with stroke: a randomized crossover trial. Arch Phys
Med Rehabil. 2018;99:2399–407.

91. Aida J, Chau B, Dunn J. Immersive virtual reality in traumatic brain injury
rehabilitation: a literature review. NeuroRehabilitation. 2018;42:1–8.

92. Bortone I, Leonardis D, Mastronicola N, Crecchi A, Bonfiglio L, Procopio C,
et al. Wearable haptics and immersive virtual reality rehabilitation training in
children with neuromotor impairments. IEEE Trans Neural Syst Rehabil Eng.
2018;26:1469–78.

93. Laver KE, Lange B, George S, Deutsch JE, Saposnik G, Crotty M. Virtual reality
for stroke rehabilitation. Cochrane Database Syst Rev. 2017;11:Cd008349.

94. Lee SJ, Chun MH. Combination transcranial direct current stimulation and
virtual reality therapy for upper extremity training in patients with subacute
stroke. Arch Phys Med Rehabil. 2014;95:431–8.

95. Kim YJ, Ku J, Cho S, Kim HJ, Cho YK, Lim T, et al. Facilitation of corticospinal
excitability by virtual reality exercise following anodal transcranial direct
current stimulation in healthy volunteers and subacute stroke subjects. J
Neuroeng Rehabil. 2014;11:1–12.

96. Subramanian SK, Prasanna S. Virtual reality and non-invasive brain
stimulation in stroke: how effective is their combination for upper limb
motor improvement? In: 2017 International Conference on Virtual
Rehabilitation (ICVR); 2017. p. 1–8.

97. Massetti T, Crocetta TB, Silva TD, Trevizan IL, Arab C, Caromano FA, et al.
Application and outcomes of therapy combining transcranial direct current
stimulation and virtual reality: a systematic review. Disabil Rehabil Assist
Technol. 2017;12:551–9.

98. Palm U, Kumpf U, Behler N, Wulf L, Kirsch B, Worsching J, et al. Home use,
remotely supervised, and remotely controlled transcranial direct current
stimulation: A systematic review of the available evidence.
Neuromodulation. 2018;21:323–33.

99. O'Neil O, Fernandez MM, Herzog J, Beorchia M, Gower V, Gramatica F, et al.
Virtual reality for neurorehabilitation: insights from 3 European clinics. PM R.
2018. https://doi.org/10.1016/j.pmrj.2018.08.375.

Kim et al. Journal of NeuroEngineering and Rehabilitation           (2019) 16:14 Page 10 of 10

https://doi.org/10.1016/j.pmrj.2018.08.375

	Abstract
	Background
	Pathophysiology and possible neuroplastic changes after TBI
	Acute stage
	Primary injury
	Secondary injury

	Subacute stage
	Chronic stage

	Physiology of tDCS
	Current clinical evidence of tDCS in TBI for motor recovery
	General current concept of tDCS application for motor recovery
	Future development and perspective of tDCS for motor recovery after TBI
	Personalized tDCS
	Analysis of tDCS responses

	Combination with task-oriented training using virtual reality

	Conclusions
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

