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Abstract—Several lines of evidence indicate that a non-
invasive form of brain stimulation called transcranial direct
current stimulation (tDCS) can facilitate motor recovery
after stroke. However, there is no available data about how
tDCS may enhance outcomes of intensive, task-oriented
upper extremity (UE) motor training in people with spinal
cord injury (SCI). Moreover, there is a lack of effective
interventions to enhance recovery of UE motor function
after SCl, especially in chronic cases. Thus, we are
conducting a double-blind, randomized, controlled study of
how tDCS paired with intensive task-oriented training
affects UE motor function in subjects with motor incomplete
cervical SCI. Our central hypothesis is that subjects who
receive anodal tDCS paired with intensive task-oriented
training 3 days a week for 8 weeks will have significantly
more improved UE motor performance than controls
receiving sham tDCS paired with identical training.
Furthermore, motor improvement will correlate with
corticospinal reorganization (motor maps) measured by
transcranial magnetic  stimulation (TMS). Outcome
measures for motor performance include Spinal Cord
Independence Measure-lll, Canadian Occupational
Performance Measure, and Medical Research Council scale
administered at baseline, at midpoint, and immediately
post-intervention. Here, we present our preliminary results
(n=2) of this ongoing study.
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I. INTRODUCTION

According to the National Spinal Cord Injury Statistical
Center, as many as 300,000 people in the United States are
living with spinal cord injury (SCI) [1], with approximately
12,000 new cases each year [1]. Efforts to minimize neurologic
damage in acute SCI have met with only limited success [2, 3];
and less than 1% of survivors completely recover [1]. Because
the initial injury often occurs during early adulthood [1], SCI
can translate to disproportionate health care costs associated
with lifelong needs. Furthermore, almost two-thirds of SCI
cases are cervical [1, 4], which constitutes etiology for
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tetraplegia. The cost of clinical care for tetraplegia generally
exceeds that of paraplegia because the presence or absence
of upper extremity (UE) motor function can determine the
difference between independence and need for assistance in
many activities of daily living. In general, the loss of UE
function that accompanies cervical SCI can dramatically affect
meaningful, independent engagement in multiple life
domains, including mobility, family relations/caregiver burden,
societal integration, and general quality of life. Thus, it is
important to establish effective interventions to maximize
functional independence and prevent disability in chronic
cervical SCI.

Extensive research validates the association between
corticospinal neuroplastic change and motor recovery in
neurological populations, including SCI [5-9]. Neuroplastic
change can be upregulated by transcranial direct current
stimulation (tDCS), a non-invasive form of neuromodulation
[10-13]. Thus, tDCS is a promising therapeutic intervention to
promote motor recovery in neurological populations [13-18].
Research in stroke shows that pairing tDCS with intensive task-
oriented training can notably enhance neuroplasticity and UE
motor function [10, 16, 19, 20]. This paired intervention may
have similar effects in motor incomplete SCI, a condition in
which a partially intact connection between the spinal cord
and the brain allows persistent corticospinal responsiveness to
sensory and motor input [21-24]. To establish first-ever
evidence in subjects with motor incomplete SCI, we
performed a feasibility study of whether anodal tDCS paired
with intensive task-oriented training 3 days each week for 8
weeks leads to significantly more improved UE motor function
than sham tDCS paired with identical training. We
hypothesized that in both experimental conditions, motor

improvement  would correlate  with corticospinal
reorganization as measured by transcranial magnetic
stimulation (TMS).
II. METHODS
This feasibility study used a double-blind, sham-

controlled, randomized, crossover design. Following baseline
evaluation, we used an experimental design generator and
randomizer program to determine the order of tDCS



IEEE HEALTHCOM 2014 - Workshop in E-health in Neuroscience

conditions. We set the following inclusion criteria: a)
traumatic, motor incomplete SCI sustained at neurological
level C4-C8 and classified as C or D by the American Spinal
Injury Association Impairment Scale (AIS; formerly known as
ASIA; see also Table 1)[25]; b) SCI sustained at least 1 year
prior to enrollment (ie, chronic); and c) at least 18 years old
(no upper age range limit). By targeting the chronic phase of
recovery, we minimized the potential confound of
spontaneous recovery and focused on a population in great
need of novel interventions. Exclusion criteria were targeted
to minimize potential confounding variables and to ensure
safety in TMS and tDCS. We excluded potential subjects who
had a) history of head injury with loss of consciousness; b)
history of seizures; c) history of severe alcohol or drug abuse,
or psychiatric illness; d) cognitive deficits severe enough to
preclude informed consent; e) positive pregnancy test or
being of childbearing age and not using appropriate
contraception; f) presence of ferromagnetic material in the
cranium except in the mouth, including metal fragments from
occupational exposure and surgical clips in or near the brain;
g) pressure ulcers that might interfere with intervention; h)
cardiac or neural pacemakers; i) fixed UE contractures; j)
untreated depression; k) concurrent participation in
occupational therapy; or I) within 3 months of recruitment,
addition or change in the dosage of drugs known to affect
neuroplasticity or exert detrimental effects on motor
recovery.

We performed routine clinical and neurological evaluation
during the screening of potential subjects, which included
evaluation of sensory function (ie, light touch, temperature,
pain (pin prick), vibratory sensation, proprioception,
stereognosis, graphesthesia, and confirmation of AIS level).
Past data, including radiographic studies and medical history,
were obtained to confirm diagnosis, site, and type of lesion.
Following Institutional Review Board approval of the study
protocol, we consented and enrolled 2 male subjects with
motor incomplete SCI. Subjects provided written consent
after receiving a verbal and written explanation of the
purposes, procedures, and potential hazards of the study.
Table 1 shows subject demographics.

Table 1. Subject demographics.

Subject Age Time Etiology ASIA; UE key
since level muscles score
injury (maximum 25)
C; R 13;
1 30 12 MVA C6-C6 L17
C; R 13;
2 62 1 MVA C5-C6 L13

Time since injury in years; MVA: motor vehicle accident; ASIA:
Standard Neurological Classification of Spinal Cord Injury; UE:
upper extremity; R: right; L: left

A. Evaluation

We conducted all evaluations at 3 time points (baseline;
midpoint; immediately  post-intervention). Outcome
measures for motor performance included Spinal Cord
Independence Measure-lll  (SCIM-IIl; primary outcome
measure), Medical Research Council scale (MRC), and
Canadian Occupational Performance Measure (COPM). The
outcome measure for neuroplasticity was the change in UE
motor map volume as determined with TMS (ie, normalized
map volume (nMV)). nMV is a simple measure of the spread
of the motor representation over multiple scalp sites. It is
calculated as the sum of the normalized MEP (nMEP — the
mean MEP at each scalp location, divided by the largest mean
MEP) over all locations. The nMV ranges from 1 (for a map
with only 1 active location) to a value that is equal to the
number of active locations, if all locations gave equal
responses. TMS procedures are considered very safe and
well-tolerated [26]. There have been no adverse events
reported, such as seizures, when TMS is applied following
standard safety guidelines [26]. There is no evidence of long-
term adverse effects, although short-term imaging changes
may occur [27]. For TMS procedures, we applied silver/silver
chloride ECG monitoring electrodes (P7, Lead-Lok, Sandpoint,
ID) over the extensor digitorum communis muscles (EDC)
bilaterally. We selected the EDC because it is the primary
effector of a variety of functional motor tasks. The
electromyographic signal (EMG) was amplified and filtered
(band-pass 10Hz to 1kHz) using an isolated bioelectric
amplifier (World Precision Instruments, Sarasota, FL) and was
digitized for off-line analysis. We delivered TMS using a
Magstim 2007 stimulator fitted with a figure-eight shaped coil
[28, 29] (Magstim, Whitland, Dyfed, UK). We located stimulus
sites using a latitude/longitude-based coordinate system [30]
co-registered with a template MRI using the Brainsight™
neuronavigation system (Rogue Research Inc, Montreal,
Canada). The area of the motor cortex that, when stimulated,
resulted in the largest response in the contralateral EDC, was
designated the “hot-spot.” We defined the resting motor
threshold at the hot-spot as the minimum TMS intensity
(measured to the nearest 1% of maximum stimulator output)
required to elicit motor evoked potentials (MEPs) of 250uV in
at least 5 out of 10 consecutive trials [31]. The motor cortex
was mapped at a stimulation intensity at 110% of resting
motor threshold, and 10 stimuli were delivered to each scalp
site at a rate of 1 stimulus every 5 seconds. Stimuli were
given in a semi-random order across the scalp until all active
sites were mapped.

B. Intervention

Intervention comprised 24 sessions of tDCS paired with
intensive, task-oriented UE motor training (3 sessions per
week for 8 weeks). tDCS was the only independent variable.
We randomized subjects to receive the following tDCS
conditions, in a crossover design: a) 12 sessions of sham tDCS;
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and b) 12 sessions of anodal tDCS. For anodal tDCS, as well as
for sham tDCS, we placed the anode over the hot-spot and
the cathode over the contralateral supraorbital region. This
method, which uses the supraorbital region as the reference
location, provided the greatest distance from skin surface to
cortex of any acceptable location on the scalp (for safety
reasons, both electrodes must be placed anterior to the
brainstem)[32, 33]. Anodal tDCS was delivered at an intensity
of 2.0mA for 20 minutes, which resulted in a current density
of 0.08mA/cm2 and a charge density of 960 Coulombs/M>.
This intensity falls within the range of safe stimulation
parameters [34]. We used an identical setup for sham tDCS
except that we ramped up intensity over 30 seconds, held at
2.0mA for 30 seconds, then ramped down to OmA over 30
seconds. Subjects received OmA of current for the remainder

of the 20 minutes. This sham protocol preserved the blinded
fashion of the study by producing the same sensation as
anodal tDCS [35]. Randomization resulted in each subject
receiving sham tDCS for the initial 12 sessions and anodal
tDCS for the subsequent 12 sessions. We visually monitored
each subject during tDCS. Subjects, evaluators, and
occupational therapists who administered training were all
blinded to tDCS condition.

Immediately following each tDCS session, subjects
participated in 2 hours of intensive, task-oriented UE training
incorporating an evidence-based protocol [36, 37]. This
protocol required baseline identification of subjects’
occupational performance goals. Training used principles of
training physiology, motor learning, neuroplasticity, and
occupational therapy. In order to elucidate the effects of
possible transcallosal transfer, training in each 12-session
portion of intervention targeted the UE contralateral to the
hemisphere receiving tDCS. In keeping with the occupational
therapy domain and process, training was designed to
comprise preparatory techniques (such as stretching),
purposeful activities (such as simulated or partial task
performance), or occupation-based intervention when
possible (such as drinking from a cup, using mobile phone, or
other occupations that subjects identified as meaningful and
relevant to daily life). Our approach aligned closely and
comprehensively with basic principles of neuroplasticity (ie,
intensive, repetitive practice; task-specificity; gradual
increase in demand; motivation; attention to task; active
engagement; feedback) [38]. Training was in a 1:1 therapist-
to-subject ratio.

III. RESULTS

As shown in Figure 1a, initial 12 sessions of intervention (sham
tDCS paired with motor training) did not vyield clinically
significant change in SCIM-Ill compared with baseline
(meantSE: -0.5+0.5 (left bar)). Increased by 4 points, which is
considered clinically significant (meanzSE: 4.243.0 (right bar)).

Figure 1a. Increase in SCIM-Ill scores (right bar) indicates greater
improvement after anodal tDCS than sham tDCS.

Figure 1b. Improvements in UE strength (increased MRC scores) after anodal
tDCS paired with motor training. Unilateral training was associated with
bilateral improvement. Thus, it appears that transcallosal transfer may play a
significant role in UE motor recovery for people with incomplete SCI.

Figure 1c. Qualitative improvement measured by COPM is more pronounced
after anodal tDCS paired with motor training (right bar).
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Figure 1d
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Figure 1d. Cortical reorganization may be optimized by pairing anodal tDCS and motor training. Motor responses at each scalp position are shade-coded by
normalized MEP amplitude (measured over extensor digitorum communis (EDC) muscles). Notable increases in cortical map volume were measured in the right
brain (which received anodal tDCS only). Training paired with anodal tDCS (delivered to right brain only) led to a larger map volume change (between 1.9-2.2 in
the right brain) than training paired with sham tDCS (delivered to left brain only; led to change between 0.9-1.2 in the left brain). The increase of the motor map
ipsilateral to the trained UE suggests that transcallosal transfer may play a significant role in motor recovery and corticomotor reorganization after SCI.

Figure 1b shows that sham tDCS (left brain) plus UE training
led to increased strength for the trained UE (right UE);
meanzSE: 12.6+4.5, first blue bar). However, anodal tDCS
(right brain) led to comparatively greater increase in strength
for the trained UE (left UE) (mean£SE: 31.0+2.0, second red

bar)—an approximately 19-point difference between
conditions. Figure 1c shows that while the sham tDCS
condition led to a COPM score increase indicating

improvement (meanSE: 0.330.3 (left bar), anodal tDCS
yielded a greater COPM increase (mean#SE: 2.0+0; right bar).
Figure 1d shows that anodal tDCS paired with UE motor
training  substantially increased  corticospinal motor
representation.

IV. DiscussioN

This study is the first to evaluate adjuvant effects between
tDCS and intensive task-oriented UE training in incomplete
SCIl. We have found evidence supporting tDCS as a relevant
intervention to enhance the effects of motor training for
people with incomplete SCI. Our supporting TMS evidence
associates anodal tDCS with more neuroplastic change than
sham tDCS. Furthermore, it appears that transcallosal
transfer may play a crucial rolein UE motor recovery in
incomplete SCI, based on our evidence showing that the was
associated with improvement of the non-trained UE.

Our related TMS results showed bilateral neuroplastic change
after intervention, despite the unilateral nature of UE motor
training. However, it is conceivable that anodal tDCS to the
hemisphere contralateral to the trained UE increases
excitability and reorganization in the ipsilateral corticospinal
tract (i.e., the corticospinal tract connecting the stimulated
hemisphere with the non-trained UE).

Our results highlight how UE motor recovery in SCI may
differ from UE motor recovery associated with conditions
involving unilateral brain lesions (such as stroke). In stroke,
pathologically altered patterns of transcallosal inhibition
occur and can affect outcomes of UE motor training [39]. Our
discovery that this dynamic may not apply to incomplete SCI
could have great clinical utility in terms of tailoring therapy to
SCI survivors with tetraplegia. Furthermore, our finding that
tDCS and training can have benefit even in the chronic stages
of SCl recovery is particularly impactful.

Building on this study, we recommend future research in
keeping with current trends in stroke literature to investigate
different electrode configurations of tDCS (eg, anodal tDCS
and cathodal tDCS delivered concurrently to bihemispheric
motor areas). Additionally, studies are needed to determine
the optimal dosing for tDCS plus training according to clinical
features of SCI. Finally, we recommend larger trials to
substantiate the preliminary findings of the feasibility study
presented here.



IEEE HEALTHCOM 2014 - Workshop in E-health in Neuroscience

ACKNOWLEDGMENT

This work was funded in part by the Cardinal Hill Stroke

and Spinal Cord Injury Endowment #0705129700.

(1]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

REFERENCES

Center NSCIS. Spinal cord injury facts and figures at a glance. J Spinal
Cord Med. 2010;33:439-440

Heinemann AW, Steeves JD, Boninger M, Groah S, Sherwood AM. State
of the science in spinal cord injury rehabilitation 2011: Informing a new
research agenda. Spinal Cord. 2012;50:390-397

Fawcett JW, Curt A, Steeves JD, Coleman WP, Tuszynski MH, Lammertse
D, Bartlett PF, Blight AR, Dietz V, Ditunno J, Dobkin BH, Havton LA,
Ellaway PH, Fehlings MG, Privat A, Grossman R, Guest JD, Kleitman N,
Nakamura M, Gaviria M, Short D. Guidelines for the conduct of clinical
trials for spinal cord injury as developed by the iccp panel: Spontaneous
recovery after spinal cord injury and statistical power needed for
therapeutic clinical trials. Spinal Cord. 2007;45:190-205

Wyndaele M, Wyndaele JJ. Incidence, prevalence and epidemiology of
spinal cord injury: What learns a worldwide literature survey? Spinal
Cord. 2006;44:523-529

Backus D. Exploring the potential for neural recovery after incomplete
tetraplegia through nonsurgical interventions. PM R. 2011;2:5279-285

Basso DM. Neuroanatomical substrates of functional recovery after
experimental spinal cord injury: Implications of basic science research
for human spinal cord injury. Phys Ther. 2000;80:808-817

Behrman AL, Harkema SJ. Physical rehabilitation as an agent for
recovery after spinal cord injury. Phys Med Rehabil Clin N Am.
2007;18:183-202, v

Blesch A, Tuszynski MH. Spinal cord injury: Plasticity, regeneration and
the challenge of translational drug development. Trends Neurosci.
2009;32:41-47

Dietz V. Neuronal plasticity after a human spinal cord injury: Positive
and negative effects. Exp Neurol. 2011

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

Edwards DJ, Krebs HI, Rykman A, Zipse J, Thickbroom GW, Mastaglia FL,
Pascual-Leone A, Volpe BT. Raised corticomotor excitability of ml
forearm area following anodal tdcs is sustained during robotic wrist
therapy in chronic stroke. Restorative neurology and neuroscience.
2009;27:199-207

Nitsche MA, Liebetanz D, Tergau F, Paulus W. [modulation of cortical
excitability by transcranial direct current stimulation]. Nervenarzt.
2002;73:332-335

Schlaug G, Renga V. Transcranial direct current stimulation: A
noninvasive tool to facilitate stroke recovery. Expert Rev Med Devices.
2008;5:759-768

Fujiwara T, Tsuji T, Honaga K, Hase K, Ushiba J, Liu M. Transcranial
direct current stimulation modulates the spinal plasticity induced with
patterned electrical stimulation. Clin Neurophysiol.

Hummel F, Cohen LG. Improvement of motor function with noninvasive
cortical stimulation in a patient with chronic stroke. Neurorehabil
Neural Repair. 2005;19:14-19

Schlaug G, Renga V, Nair D. Transcranial direct current stimulation in
stroke recovery. Arch Neurol. 2008;65:1571-1576

Nitsche MA, Roth A, Kuo MF, Fischer AK, Liebetanz D, Lang N, Tergau F,
Paulus W. Timing-dependent modulation of associative plasticity by
general network excitability in the human motor cortex. J Neurosci.
2007;27:3807-3812

Fregni F, Boggio PS, Mansur CG, Wagner T, Ferreira MJ, Lima MC,
Rigonatti SP, Marcolin MA, Freedman SD, Nitsche MA, Pascual-Leone A.
Transcranial direct current stimulation of the unaffected hemisphere in
stroke patients. Neuroreport. 2005;16:1551-1555

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]
[34]

[33]

[36]

[37]

Hesse S, Werner C, Schonhardt EM, Bardeleben A, Jenrich W, Kirker SG.
Combined transcranial direct current stimulation and robot-assisted
arm training in subacute stroke patients: A pilot study. Restor Neurol
Neurosci. 2007;25:9-15

Hummel FC, Heise K, Celnik P, Floel A, Gerloff C, Cohen LG. Facilitating
skilled right hand motor function in older subjects by anodal
polarization over the left primary motor cortex. Neurobiol Aging. 2009

Jurkiewicz MT, Mikulis DJ, Mcllroy WE, Fehlings MG, Verrier MC.
Sensorimotor cortical plasticity during recovery following spinal cord
injury: A longitudinal fmri study. Neurorehabil Neural Repair.
2007;21:527-538

Martinez M, Brezun JM, Zennou-Azogui Y, Baril N, Xerri C. Sensorimotor
training promotes functional recovery and somatosensory cortical map
reactivation following cervical spinal cord injury. Eur J Neurosci.
2009;30:2356-2367

Kokotilo KJ, Eng JJ, Curt A. Reorganization and preservation of motor
control of the brain in spinal cord injury: A systematic review. Journal of
neurotrauma. 2009;26:2113-2126

Dobkin BH. Motor rehabilitation after stroke, traumatic brain, and
spinal cord injury: Common denominators within recent clinical trials.
Current opinion in neurology. 2009;22:563-569

Steeves JD, Lammertse D, Curt A, Fawcett JW, Tuszynski MH, Ditunno
JF, Ellaway PH, Fehlings MG, Guest JD, Kleitman N, Bartlett PF, Blight
AR, Dietz V, Dobkin BH, Grossman R, Short D, Nakamura M, Coleman
WP, Gaviria M, Privat A. Guidelines for the conduct of clinical trials for
spinal cord injury (sci) as developed by the iccp panel: Clinical trial
outcome measures. Spinal Cord. 2007;45:206-221

Wassermann EM. Risk and safety of repetitive transcranial magnetic
stimulaton: Report and suggested guidelines from the international
workshop on the safety of repetitive transcranial magnetic stimulation.
Electroencephalogr Clin Neurophysiol. 1998;108:1-16

Mottaghy FM, Gangitano M, Krause BJ, Pascual-Leone A. Chronometry
of parietal and prefrontal activations in verbal working memory
revealed by transcranial magnetic stimulation. Neuroimage.
2003;18:565-575

Kaneko K, Kawai S, Fuchigami Y, Morita H, Ofuji A. The effect of current
direction induced by transcranial magnetic stimulation on the
corticospinal excitability in human brain. Electroencephalogr Clin
Neurophysiol. 1996;101:478-482

Rothwell JC. Techniques and mechanisms of action of transcranial
stimulation of the human motor cortex. J Neurosci Methods.
1997;74:113-122

Wassermann EM, McShane LM, Hallett M, Cohen LG. Noninvasive
mapping of muscle representations in human motor cortex.
Electroencephalogr Clin Neurophysiol. 1992;85:1-8

Rossini PM, Barker AT, Berardelli A, Caramia MD, Caruso G, Cracco RQ,
Dimitrijevic MR, Hallett M, Katayama Y, Lucking CH, et al. Non-invasive
electrical and magnetic stimulation of the brain, spinal cord and roots:
Basic principles and procedures for routine clinical application. Report
of an ifcn committee.

Nitsche MA, Liebetanz D, Lang N, Antal A, Tergau F, Paulus W. Safety
criteria for transcranial direct current stimulation (tdcs) in humans. Clin
Neurophysiol. 2003;114:2220-2222; author reply 2222-2223

Paulus W. Transcranial direct current stimulation (tdcs). Supp! Clin
Neurophysiol. 2003;56:249-254

Bikson M, Datta A, Elwassif M. Establishing safety limits for transcranial
direct current stimulation. Clin Neurophysiol. 2009;120:1033-1034

Gandiga PC, Hummel FC, Cohen LG. Transcranial dc stimulation (tdcs): A
tool for double-blind sham-controlled clinical studies in brain
stimulation. Clin Neurophysiol. 2006;117:845-850

Beekhuizen KS, Field-Fote EC. Massed practice versus massed practice
with stimulation: Effects on upper extremity function and cortical
plasticity in individuals with incomplete cervical spinal cord injury.
Neurorehabil Neural Repair. 2005;19:33-45

Wolf SL, Winstein CJ, Miller JP, Thompson PA, Taub E, Uswatte G,
Morris D, Blanton S, Nichols-Larsen D, Clark PC. Retention of upper limb
function in stroke survivors who have received constraint-induced
movement therapy: The excite randomised trial. Lancet Neurol.
2008;7:33-40



IEEE HEALTHCOM 2014 - Workshop in E-health in Neuroscience

[38] Kleim JA, Jones TA. Principles of experience-dependent neural
plasticity: Implications for rehabilitation after brain damage. J Speech
Lang Hear Res. 2008;51:5225-239

[39] Boroojerdi B, Diefenbach K, Ferbert A. Transcallosal inhibition in cortical
and subcortical cerebral vascular lesions. J Neurol Sci. 1996;144:160-
170



