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Objective: To explore the efficacy of remotely-supervised transcranial direct current stimulation (RS-tDCS) paired with cognitive

training (CT) exercise in participants with multiple sclerosis (MS).

Methods: In a feasibility study of RS-tDCS in MS, participants completed ten sessions of tDCS paired with CT (1.5 mA 3 20 min,

dorsolateral prefrontal cortex montage). RS-tDCS participants were compared to a control group of adults with MS who underwent

ten 20-min CT sessions through the same remotely supervised procedures. Cognitive outcomes were tested by composite scores

measuring change in performance on standard tests (Brief International Cognitive Assessment in MS or BICAMS), basic attention

(ANT-I Orienting and Attention Networks, Cogstate Detection), complex attention (ANT-I Executive Network, Cogstate Identification

and One-Back), and intra-individual response variability (ANT-I and Cogstate identification; sensitive markers of disease status).

Results: After ten sessions, the tDCS group (n 5 25) compared to the CT only group (n 5 20) had significantly greater improve-

ment in complex attention (p 5 0.01) and response variability (p 5 0.01) composites. The groups did not differ in measures of

basic attention (p 5 0.95) or standard cognitive measures (p 5 0.99).

Conclusions: These initial findings indicate benefit for RS-tDCS paired with CT in MS. Exploratory analyses indicate that the earli-

est tDCS cognitive benefit is seen in complex attention and response variability. Telerehabilitation using RS-tDCS combined with

CT may lead to improved outcomes in MS.

Keywords: Cognitive, multiple sclerosis, remotely supervised, tDCS, telerehabilitation

Conflict of Interest: CUNY has patents with Marom Bikson as inventor. Marom Bikson is an advisor for and has equity in Soterix

Medical. CUNY has patents with Abhishek Datta as inventor. Abhishek Datta is an employee and has equity in Soterix Medical. The

remaining authors have no potential conflicts of interest to declare.

INTRODUCTION

Transcranial direct current stimulation (tDCS) is a relatively recent

therapeutic development that utilizes low amplitude direct current

(�2.0 mA) to induce changes in cortical excitability (1–4). tDCS is

known to be safe and well-tolerated (5–8) with many advantages

compared to other stimulation methods including ease of use, lower

cost, and portability (9). It is theorized that pairing tDCS with rehabil-

itation strategies may lead to more meaningful and lasting benefit

(10–14). A particularly promising application of tDCS is to improve

the rate of learning (15–17) and magnitude of benefit from cognitive

training (CT) (14,18–26). While many questions remain, pairing tDCS

with CT has been shown to increase learning and cognitive perfor-

mance, particularly in tasks of information processing and working

memory (14,18,22,26–29).
Multiple sclerosis (MS) is the most common progressive neu-

rologic disorder in adults of working-age (30) and is characterized

by demyelination, immune-mediated inflammation, and central ner-

vous system neurodegeneration. The most common subtype is

relapsing-remitting and over half of these individuals transition to a
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progressive course; the remainder have a progressive course from
the onset (31). tDCS warrants evaluation for potential clinical appli-
cations in MS (9,21,32–39). MS is associated with a high (>70%) rate
of cognitive impairment. Those with MS also suffer from other symp-
toms including mood, fatigue, sensory and motor problems that
may respond to tDCS as well (40–46).

A major obstacle for tDCS studies has been the requirement to

travel to the clinic for repeated treatment sessions that may contin-

ue for weeks or even months. This travel requirement can be espe-

cially prohibitive for those living with cognitive and motor

impairment, who may already be taxed with daily home and work

responsibilities or, due to disability, be dependent on caregivers or

others for basic transportation needs (41,43,45). To address this chal-

lenge, tDCS protocols offering home use are needed to improve

access and enable larger trial designs.
We developed a remotely supervised at-home use protocol to

deliver CT and tDCS to those living with MS (47–50). Using exten-

sive criteria for safety and tolerability along with specially designed

equipment, MS participants were successfully able to complete CT

paired with tDCS from home (8,47). A clinical trial design that pro-

vides the option for patients to participate from home enables rapid

recruitment. Moreover, a home-use protocol pairing tDCS with a

therapeutic regimen offers scalability to pair tDCS with a range of

rehabilitation approaches.
Here, we report the cognitive findings from our feasibility trial.

To verify the protocol, tDCS participants completed the study

along with a control group who completed the CT portion only

using the remotely supervised methods. Participants completed a

battery of standard and computer-based cognitive tests at baseline

and study end, with change in performance compared between the

conditions.

MATERIALS AND METHODS

This study conformed to the guidelines set by the Declaration of

Helsinki and all study procedures were approved by Stony Brook

University Institutional Review Board and the Committee on

Research Involving Human Subjects. Participants were recruited

between March of 2015 and February of 2016. Written, informed

consent was obtained for all participants.
This study was an open-label and exploratory pilot study. Controls

were separately recruited following the feasibility study for compari-

son. Eligibility criteria were the same for both conditions and rela-

tively broad to match the primary aim of assessing the feasibility of

the remote protocol. We enrolled 46 patients with a confirmed diag-

nosis of MS (all subtypes) between the ages of 18–70 years. One par-

ticipant was unable to finish their sessions due to personal matters

and was excluded from our analysis.
Participants were required to have had no MS relapses within

the last 30 days (for disease stability), be English speaking, and

the visual, motor, and cognitive capacity to understand consent

and operate study equipment. All participants with an Expanded

Disability Status Scale (EDSS) (51) of 6.5 or above (indicating

more severe MS-related neurologic impairment) used a proxy

or caregiver to assist with tDCS headset placement and device

operation.

Study Procedures
We have carefully designed our remotely supervised protocols to

maintain the standards of clinic-based treatment which enhanced

our recruitment rate and treatment compliance for both CT (52) and

tDCS (50).
Participants in both conditions completed the first session during

their baseline visit to clinic. This first session established tolerability

and capacity for self-administration for the tDCS group, and the con-

trol participants completed their first CT session. This session was

then followed by nine remotely supervised sessions with real-time

supervision though videoconferencing. Following current conven-

tion, sessions were completed once a day for five days per week.

Active tDCS participants received 1.5 mA stimulation for 20 min

while completing the computerized CT program.
Study equipment included laptops configured with a videoconfer-

encing program (VSee (53)) and a program to allow for remote con-

trol of the computer by the study technician (TeamViewer (54)). For

the daily sessions, the participant was only required to connect the

laptop to the Internet, otherwise the study technician guided them

through all procedures. Once the study technician had established

connection with the participant and confirmed proper headset

placement, a one-time use dose code was provided that unlocked

the tDCS device for one 20 min session. The participant would then

begin their daily session under real-time supervision.
Rigid stop criteria were included in the study protocol to ensure

safety of participants. Pain associated with the tDCS device was

monitored before, during, and after each session using a 1–10

visual analogue scale for pain (these procedures did not apply to

control participants who did not undergo tDCS treatment). Any

participant who reported pain of a 7 or higher resulted in abortion

of the study session and discontinuation of subject’s participation

from the study. Common side effects of tDCS were also monitored

before and after each session, ensuring that any significant or

harmful side effects were recorded; these side effects, if severe,

resulted in abortion of the study session and discontinuation from

the study.

CT Program
To meet this study’s objectives, we used a research version of

Lumos Lab’s (55) training platform specifically limited to tasks of

information processing, attention and working memory systems.

Limiting training to these exercises provided the opportunity to test

proof of concept for the combined therapies within this shorter

two-week time frame, and maximize the synergistic effect by engag-

ing the same regions as targeted by the tDCS (see Fig. 1). Also, CT

targeted to specific domains of impairment vs. broad spectrum may

have greater utility in MS to ultimately tailor to a patient’s specific

needs (56).
The training consisted of five traditional tasks that have been

demonstrated to lead to benefit, both with and without adjunctive

tDCS (n-back, auditory and visual span, simple arithmetic, and

match-to-sample (15,18,20,22,29,57–61)). Based on our experience,

we have found these training tasks to be the best-designed with the

highest compliance rates (e.g., reaching 80% or more of target play-

ing time in a sample of ten pilot participants (52)).
The active condition consisted of ten 20-min sessions of (1.5 mA)

tDCS paired with a CT program. The CT only condition consisted of

ten 20-min sessions of training, following the same remotely super-

vised procedure without tDCS. Participants were administered

cognitive assessments in clinic at their baseline study visit and at the

post-intervention follow-up visit. Regardless of active or control con-

dition, each session of CT was completed in 20 min.
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RS-tDCS Study Equipment and Montage
Following completion of baseline assessments, active condition

participants were trained on the methodology of the remote proto-

col. Active participants received a tDCS study kit containing a Soterix

Mini-CT tDCS Device, a Soterix tDCS headset, electrode sponges for

all ten sessions (5 3 7 cm), an informational packet, and saline solu-

tion. The Soterix tDCS headset was specially designed to provide

easy and accurate electrode placement for home use. The study

technician instructed participants on how to operate both the

device and the laptop in detail. A short instructional video was also

played to reinforce the instructions.
While frontally mediated processes have been broadly associated

with complex attention, recent fMRI studies have demonstrated that

working memory CT (e.g., n-back) is specifically associated with

increased perfusion in the left precentral gyrus/frontal middle gyrus/

superior frontal gyrus (Fig. 1) (58). Using specially designed equip-

ment and an extensively optimized montage using the “OLE”-

system targeted montage optimized for the dorsolateral prefrontal

cortex (DLPFC) from Seibt et al. 2015, with the location of electrodes

is close to an F3/F4 positioning with the anode placed on the left

(F3) and cathode on the right (F4). This montage intends to increase

benefit in areas of attention and working memory through stimula-

tion of this target (62).

Cognitive Measures
Standard and computer-based tests of cognitive functioning, sep-

arate from the CT program, were administered at baseline and

repeated at study end using alternate forms to minimize practice

effects for the standard neuropsychological measures. In addition to

the following study outcome measures, participants were adminis-

tered the Wide Range Achievement Test 3 (WRAT-3) (63) which gives

an estimate of premorbid cognitive ability.

Standard Cognitive Tests
Participants were administered the Brief International Cognitive

Assessment in MS (BICAMS) (64). BICAMS is a brief, repeatable

assessment of MS-related cognitive impairment which includes

three neuropsychological tests: Symbol Digit Modalities Test (SDMT)

(65), Brief Visuospatial Memory Test-Revised (BVMT-R) (66), and the

Rey Auditory Verbal Learning Test (RAVLT) (67).

Measures of Basic Attention and Complex Attention
Participants were administered two computer-based tests of

attention and information processing speed: the Attention Network
Tests-Interaction (ANT-I) (68) and Cogstate Brief Battery (69). The
ANT-I consists of 6 blocks with 48 trials each for a total of 288 trials.
The participant is required to indicate the directionality (left or right)
of the middle arrow in the series, but additionally the flanking
arrows can be congruent (same direction as the middle arrow) or
incongruent (different direction than the middle arrow). Auditory
distractors (alerting tone of 2000 Hz for 50% of trials) are also includ-
ed to provide an additional layer of complexity. Trial-by-trial reaction
time is used to compute Orienting, Attention, and Executive Func-
tion network scores based on reaction time. Orienting and Attention
Networks are based on simpler reaction time processes while Execu-
tive Network has been shown to be sensitive to information process-
ing deficits in MS (70,71).

Cogstate is a validated, widely used cognitive testing platform
with simple administration and repeatable forms (72). We used three
Cogstate tasks: Detection (simple reaction time), Identification
(choice reaction time) and One Back (working memory). Perfor-
mance on each task is measured by response speed which reflects
the subject’s information processing time.

For both the ANT-I and the Cogstate Identification task we calcu-
lated intra-individual variability (IIV). IIV has been shown to be one
of the earliest indicators of MS-related cognitive involvement (70,73)
and gives a measure of consistency; higher IIV values correspond to
less consistent reaction times and vice versa. IIV was calculated using
a regression-based model from previous studies in MS (73). IIV val-
ues present the opportunity to analyze a dimension of consistency
and variability not captured by the raw scores output from the
aforementioned measures.

Across these measures, we calculated four composite perfor-
mance scores:

1. A BICAMS composite consisting of the SDMT, RAVLT, and BVMT-R
scores;

2. A basic attention composite (ANT-I Alerting and Orienting Net-
work scores; Cogstate Detection);

3. A complex attention measure composite (ANT-I Executive Net-
work; Cogstate Identification and One Back);

4. An IIV composite (across the ANT-I and Cogstate Identification task).

Figure 1. Working memory CT is associated with increased perfusion of left precentral gyrus/frontal middle gyrus/superior frontal gyrus. The “OLE” DLPFC tDCS
montage is optimized to target similar regions (62). [Color figure can be viewed at wileyonlinelibrary.com]
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The directionality of these composites were adjusted so that scores
above and below zero consistently indicated improvement and
decline, respectively.

Analyses
For each composite measure, change from baseline was calculat-

ed across individuals. Next, the absolute change was transformed to
a z-score for each measure (using the group’s baseline performances
for mean and standard deviations) to have each measure weighted
equally. The change z-score for each of the measures was then aver-
aged for one representative change score.

To determine benefit, the mean change z scores for each of the
four areas (BICAMS, basic attention, complex attention, and IIV) were
compared between the active and CT only conditions. Two-tailed,
independent sample student’s t-tests were used. SPSS version 23
was used for all analyses.

RESULTS
Participants

There was a total of 45 participants, 25 in the active group and 20
in the CT only group. Table 1 gives an overview of the demographic
and clinical characteristics of our sample.

In both conditions, we found a high degree of compliance with
>96% session completed. Feasibility data for our RS-tDCS protocol
have been previously reported (47).

The baseline BICAMS composite was shown to be the same
between the Active and CT Only group, indicating similar baseline
cognitive impairment (Active mean baseline z-score 5 21.09 6 1.51
vs. CT Only 5 20.86 6 1.02, p 5 0.55).

WRAT-3 baseline scores were also shown to be similar between
the Active and CT only groups, indicating similar premorbid cogni-
tive ability between both groups (Active mean 5 102.92 6 10.31, CT
Only mean 5 106.70 6 6.61, p 5 0.41).

There were no significant differences between the active and CT

Only group in baseline cognitive composite scores, shown in Table 2.

Efficacy for Cognitive Function
The Active and CT Only groups did not differ in change on the

BICAMS score, with the same slight improvement noted in both

groups (0.09 6 0.47 vs. 0.09 6 0.47, p 5 0.99). Similarly, the groups

also did not differ in change in basic attention (20.01 6 0.72 vs.

0.01 6 0.32, p 5 0.95).
However, on the two more sensitive measures, the Active group

had significantly greater gains: complex attention (0.28 6 0.53 vs.

20.25 6 0.55, p 5 0.01) and IIV (0.40 6 0.84 vs. 20.33 6 0.76,

p 5 0.01), as shown in Figure 2.
On average, measures of complex attention and IIV in the CT Only

group indicated modest improvement in the Active group and

decline in the CT Only group. Neither group’s change reached one

standard deviation or more, and would not be considered clinically

meaningful. Instead, the absolute difference between the two

groups provides an indication of the specific effects of tDCS.

DISCUSSION

Across ten training sessions, we found specific cognitive benefits

of tDCS on sensitive measures of complex attention and IIV. This

finding of cognitive benefit is consistent with what has previously

Table 1. Demographic and Clinical Characteristics.

Characteristic Full sample (n 5 45) Active (n 5 25) CT Only (n 5 20) p value

Gender (% female) 75.56% 84.00% 65.00% 0.28*
Age (mean years 6 SD) 51.96 6 11.00 52.69 6 9.49 51.00 6 12.71 0.66
Education (mean years 6 SD) 15.59 6 2.43 16.15 6 2.55 14.85 6 2.01 0.11
Handedness (% right handed) 93% 92% 95% 0.69*
Disease Duration (mean years 6 SD) 16.73 6 9.15 17.71 6 8.77 15.70 6 9.64 0.49
MS Subtype (% RRMS) 44% 28% 75% 0.002*
Baseline WRAT-3 (mean years 6 SD) 108.10 6 8.96 109.16 6 10.47 106.70 6 6.61 0.41

5 5 5

p values determined by independent sample t-tests completed comparing the tDCS 1 CT group and the CT only group.
*Indicates p-value determined by v2 test.

Table 2. Baseline Cognitive Composite z-Score (Mean 6 Standard
Deviation).

Composite Active CT only p value

BICAMS 21.09 6 1.52 n 5 24 20.86 6 1.02 n 5 20 0.56
Basic Attention 20.03 6 0.92 n 5 24 0.03 6 0.55 n 5 20 0.78
Complex

Attention
20.02 6 0.69 n 5 17 0.31 6 0.45 n 5 20 0.09

IIV 20.22 6 1.22 n 5 17 0.31 6 0.38 n 5 20 0.10

Figure 2. Change z-scores from baseline to follow-up are graphed. The direc-
tionality of scores have been adjusted so that positive change values indicate
improvement and negative values indicate worsening (indicated by a †). Sam-
ple sizes and characteristics are listed in Table 3. (*) represent significant differ-
ence (p� 0.05) as determined by two-tailed independent samples t-test.
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been reported with tDCS in a range of conditions presenting with
cognitive impairment (17,23) and is also consistent with our study
hypothesis regarding stimulation of the DLPFC (1). Further, we
found that tDCS paired with CT, while utilizing our RS-tDCS protocol,
is successful in reaching participants away from clinic and introduces
the potential to include tDCS in telerehabilitation protocols.

While significant, the observed cognitive benefit is small. The
groups differed on absolute change with the Active condition aver-
aging toward improvement and the CT Only condition averaging
toward worsening. A trend toward worsening in the CT Only group
was not expected, and may instead represent general variation
across testing. Neither group’s change would be considered clinically
significant (less than one standard deviation). However, the observed
benefit of tDCS is found on measures that are often the most sensi-
tive to detecting MS-related cognitive impairment (73–76). Trials in
depression have shown that tDCS tends to show a dose-dependent
trend (77). By increasing the number of sessions or increased amper-
age, greater benefit may be found from tDCS treatment.

Based on theorized increase in neuronal firing and synaptic
activity, tDCS delivered simultaneously with CT is thought to selec-
tively activate and reinforce the regions engaged in the cognitive
activity (10,24,78) with the transfer of effects to similar tasks
(15,20,25,79). Intensive repetitive targeted exercise may improve
cognitive ability at the processing level, potentially through mecha-
nisms of neural plasticity (re-organization of neural connections)
(80–85). Cognitive enhancement with tDCS has been demonstrated
with attention and working memory measures (18), a common area
of deficit for MS (40,75,86–89). A recent trial has reported tDCS
(DLPFC montage) paired with CT to improve cognitive functioning
in patients with MS (23). Mattioli et al’s study focuses on attention
and information processing with n 5 20 MS participants completing
ten in-clinic tDCS sessions for a sham-controlled efficacy study.
Using our at-home protocol and no sham control we still see evi-
dence that tDCS augments CT, suggesting a reliable effect. More-
over, our study shows that these benefits are observed with a
remotely supervised protocol, allowing broad patient inclusion and
ease of access.

tDCS has been previously shown to modulate reaction time
(90,91) when administered simultaneously with a working memory
task. It is possible that this effect occurs in our study outcome mea-
sures, however we evaluated a cumulative benefit following numer-
ous treatment session rather than direct change over the course of
active stimulation. While several of our measures are reliant on reac-
tion time (measures in the simple attention composite), others like
our IIV measures are more complex and would be harder to skew
from a monotonic effect. Future studies could include both change

over the course of active stimulation along with the change follow-

ing repeated stimulation sessions to better understand the influence

of tDCS on reaction time.
In consideration of clinical disease features, there were a higher

number of participants with a progressive subtype of MS in the

tDCS condition. However, the samples were generally well-matched

according to demographic and clinical descriptors. While there is a

wide range of cognitive involvement across participants, and in MS

in general, differences in cognitive functioning or response to treat-

ment would not necessarily be expected to occur between the sub-

types. Instead, progressive subtypes are considered to have more

advanced disease but the nature of their cognitive impairment is

the same and typically all subtypes are included together in studies

of cognition and cognitive remediation. However, future studies

should more closely account for any role of disease status in the

interpretation of results.
A limitation of our study is the use of open-label tDCS and

absence of a sham-controlled condition. However, the CT was identi-

cal for both conditions and all participants completed the same pro-

cedures to train through videoconference supervision and real-time

monitoring. The sham is important for neutralizing the influence of a

placebo effect. However, it could be argued that both participant

groups had similar expectations of cognitive benefit given that they

were both completing CT tasks. Also, the selective benefit on our

most sensitive measures, and especially in the measure of IIV, sug-

gest against a primary placebo effect. Another limitation is our broad

inclusion criteria, as our study was focused on the feasibility of the

remote method. In future trials, careful selection of participants

based on focused study criteria is important to increase power.

CONCLUSIONS

Our RS-tDCS protocol is an effective method to deliver tDCS and

CT at home. In a varied sample of participants with both relapsing-

remitting and progressive subtypes, greater improvement in cogni-

tive processing and IIV as compared to CT only group were found.

This effect, while modest, indicates the benefit of our RS-tDCS proto-

col paired with CT in MS.
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Table 3. Cognitive Composite Change Score (Mean 6 Standard
Deviation).

Composite Active CT Only p value

BICAMS 0.09 6 0.47 n 5 24 0.09 6 0.47 n 5 20 0.99
Basic Attention 20.01 6 0.72 n 5 24 0.01 6 0.32 n 5 20 0.95
*Complex

Attention
0.28 6 0.53 n 5 17 20.25 6 0.55 n 5 20 0.01

*IIV 0.40 6 0.84 n 5 17 20.33 6 0.76 n 5 20 0.01

*Sample size is smaller for the Active group’s performance in complex
attention and IIV because some patients were unable to complete the
required tasks due to the late addition of the task into the study and,
in some cases, motor disability. However, these exclusions do not sig-
nificantly alter the subtype proportion (% RRMS is 29% for the n 5 17).

RS-TDCS ENHANCES COGNITIVE TRAINING IN MS

www.neuromodulationjournal.com VC 2017 International Neuromodulation Society Neuromodulation 2018; 21: 383–389

3
8

7



REFERENCES

1. Filmer HL, Dux PE, Mattingley JB. Applications of transcranial direct current stimula-
tion for understanding brain function. Trends Neurosci 2014;37:742–753.

2. Romero Lauro LJ, Rosanova M, Mattavelli G et al. TDCS increases cortical excitability:
direct evidence from TMS-EEG. Cortex 2014;58:99–111.

3. Nitsche MA, Fricke K, Henschke U et al. Pharmacological modulation of cortical
excitability shifts induced by transcranial direct current stimulation in humans.
J Physiol 2003;553 (Pt 1):293–301.

4. Antal A, Kincses TZ, Nitsche MA, Bartfai O, Paulus W. Excitability changes induced in
the human primary visual cortex by transcranial direct current stimulation: direct
electrophysiological evidence. Invest Ophthalmol Vis Sci 2004;45:702–7.

5. Brunoni AR, Nitsche MA, Bolognini N et al. Clinical research with transcranial direct
current stimulation (tDCS): challenges and future directions. Brain Stimul 2012;5:
175–195.

6. Nitsche MA, Cohen LG, Wassermann EM et al. Transcranial direct current stimula-
tion: state of the art 2008. Brain Stimul 2008;1:206–223.

7. Iyer MB, Mattu U, Grafman J, Lomarev M, Sato S, Wassermann EM. Safety and cogni-
tive effect of frontal DC brain polarization in healthy individuals. Neurology 2005;64:
872–875.

8. Bikson M, Grossman P, Thomas C et al. Safety of transcranial direct current stimula-
tion: evidence based update 2016. Brain Stimul 2016;9:641–661.

9. Palm U, Ayache SS, Padberg F, Lefaucheur JP. Non-invasive brain stimulation thera-
py in multiple sclerosis: a review of tDCS, rTMS and ECT results. Brain Stimul 2014;7:
849–854.

10. Gomez Palacio Schjetnan A, Faraji J, Metz GA, Tatsuno M, Luczak A. Transcranial
direct current stimulation in stroke rehabilitation: a review of recent advancements.
Stroke Res Treat 2013;2013:170256.

11. Reis J, Schambra HM, Cohen LG et al. Noninvasive cortical stimulation enhances
motor skill acquisition over multiple days through an effect on consolidation. Proc
Natl Acad Sci USA 2009;106:1590–1595.

12. Dayan E, Cohen LG. Neuroplasticity subserving motor skill learning. Neuron 2011;72:
443–454.

13. Halko MA, Datta A, Plow EB, Scaturro J, Bikson M, Merabet LB. Neuroplastic changes
following rehabilitative training correlate with regional electrical field induced with
tDCS. Neuroimage 2011;57:885–891.

14. Park SH, Seo JH, Kim YH, Ko MH. Long-term effects of transcranial direct current
stimulation combined with computer-assisted cognitive training in healthy older
adults. Neuroreport 2014;25:122–126.

15. Boggio PS, Ferrucci R, Rigonatti SP et al. Effects of transcranial direct current stimula-
tion on working memory in patients with Parkinson’s disease. J Neurol Sci 2006;249:
31–38.

16. Buch ERSE, Antal A, Born J et al. Effects of tDCS on motor learning and memory for-
mation: a consensus and critical position paper. bioRxiv 2016.

17. Doruk D, Gray Z, Bravo GL, Pascual-Leone A, Fregni F. Effects of tDCS on executive
function in Parkinson’s disease. Neurosci Lett 2014;582:27–31.

18. Brunoni AR, Vanderhasselt MA. Working memory improvement with non-invasive
brain stimulation of the dorsolateral prefrontal cortex: a systematic review and
meta-analysis. Brain Cogn 2014;86:1–9.

19. Choe J, Coffman BA, Bergstedt DT, Ziegler MD, Phillips ME. Transcranial direct cur-
rent stimulation modulates neuronal activity and learning in pilot training. Front
Hum Neurosci 2016;10:34.

20. Richmond, LL, Wolk D, Chein J, Olson IR. Transcranial direct current stimulation
enhances verbal working memory training performance over time and near transfer
outcomes. J Cogn Neurosci 2014;26:2443–2454.

21. Floel A. tDCS-enhanced motor and cognitive function in neurological diseases. Neu-
roimage 2014;85 (Pt 3):934–947.

22. Elmasry J, Loo C, Martin D. A systematic review of transcranial electrical stimulation
combined with cognitive training. Restor Neurol Neurosci 2015.

23. Mattioli F, Bellomi F, Stampatori C, Capra R, Miniussi C. Neuroenhancement through
cognitive training and anodal tDCS in multiple sclerosis. Mult Scler 2015;22:2.

24. Brasil-Neto JP. Learning, memory, and transcranial direct current stimulation. Front
Psychiatry 2012;3:80.

25. Andrews, SC, Hoy KE, Enticott PG, Daskalakis ZJ, Fitzgerald PB. Improving working
memory: the effect of combining cognitive activity and anodal transcranial direct
current stimulation to the left dorsolateral prefrontal cortex. Brain Stimul 2011;4:84–
89.

26. Nelson, JT, McKinley RA, Golob EJ, Warm JS, Parasuraman R. Enhancing vigilance in
operators with prefrontal cortex transcranial direct current stimulation (tDCS). Neu-
roimage 2014;85 (Pt 3):909–917.

27. Sarkar A, Dowker A, Cohen Kadosh R. Cognitive enhancement or cognitive cost:
trait-specific outcomes of brain stimulation in the case of mathematics anxiety.
J Neurosci 2014;34:16605–16610.

28. McIntire LK, McKinley RA, Goodyear C, Nelson J. A comparison of the effects of
transcranial direct current stimulation and caffeine on vigilance and cognitive per-
formance during extended wakefulness. Brain Stimul 2014;7:499–507.

29. Gill J, Shah-Basak PP, Hamilton R. It’s the thought that counts: examining the task-
dependent effects of transcranial direct current stimulation on executive function.
Brain Stimul 2015;8:253–259.

30. Poser CM, Brinar VV. The accuracy of prevalence rates of multiple sclerosis: a critical
review. Neuroepidemiology 2007;29:150–155.

31. Confavreux C, Vukusic S. Natural history of multiple sclerosis: a unifying concept.
Brain 2006;129 (Pt 3):606–616.

32. Tecchio F, Cancelli A, Cottone C et al. Multiple sclerosis fatigue relief by bilateral
somatosensory cortex neuromodulation. J Neurol 2014;261:1552–1558.

33. Mori F, Codeca C, Kusayanagi H et al. Effects of anodal transcranial direct current
stimulation on chronic neuropathic pain in patients with multiple sclerosis. J Pain
2010;11:436–442.

34. Mori F, Ljoka C, Magni E et al. Transcranial magnetic stimulation primes the effects
of exercise therapy in multiple sclerosis. J Neurol 2011;258:1281–1287.

35. Mori F, Nicoletti CG, Kusayanagi H et al. Transcranial direct current stimulation amel-
iorates tactile sensory deficit in multiple sclerosis. Brain Stimul 2013;6:654–659.

36. Saiote C, Goldschmidt T, Timaus C et al. Impact of transcranial direct current stimu-
lation on fatigue in multiple sclerosis. Restor Neurol Neurosci 2014;32:423–436.

37. Ferrucci R, Vergari M, Cogiamanian F et al. Transcranial direct current stimulation
(tDCS) for fatigue in multiple sclerosis. NeuroRehabilitation 2014;34:121–127.

38. Meesen RL, Thijs H, Leenus DJ, Cuypers K. A single session of 1 mA anodal tDCS-
supported motor training does not improve motor performance in patients with
multiple sclerosis. Restor Neurol Neurosci 2014;32:293–300.

39. Cuypers K, Leenus DJ, Van Wijmeersch B et al. Anodal tDCS increases corticospinal
output and projection strength in multiple sclerosis. Neurosci Lett 2013;554:151–
155.

40. Hankomaki E, Multanen J, Kinnunen E, Hamalainen P. The progress of cognitive
decline in newly diagnosed MS patients. Acta Neurol Scand 2014;129:184–191.

41. Figved N, Myhr KM, Larsen JP, Aarsland D. Caregiver burden in multiple sclerosis:
the impact of neuropsychiatric symptoms. J Neurol Neurosurg Psychiatry 2007;78:
1097–1102.

42. Jonsson A, Andresen J, Storr L, Tscherning T, Soelberg Sorensen P, Ravnborg M.
Cognitive impairment in newly diagnosed multiple sclerosis patients: a 4-year fol-
low-up study. J Neurol Sci 2006;245:77–85.

43. Strober LB, Christodoulou C, Benedict RH et al. Unemployment in multiple sclerosis:
the contribution of personality and disease. Mult Scler 2012;18:647–653.

44. Charvet LE, Serafin D, Krupp LB. Fatigue in multiple sclerosis. Fatigue Biomed Healthy
Behav 2014;2:3–13.

45. Adelman G, Rane SG, Villa KF. The cost burden of multiple sclerosis in the United
States: a systematic review of the literature. The Journal of Medical Economics 2013;
16:639–647.

46. Abbas D, Gehanno JF, Caillard JF, Beuret-Blanquart F. Characteristics of patients suf-
fering from multiple sclerosis according to professional situation. Ann Readapt Med
Phys 2008;51:386–393.

47. Kasschau M, Reisner J, Sherman K, Bikson M, Datta A, Charvet LE. Transcranial direct
current stimulation is feasible for remotely supervised home delivery in multiple
sclerosis. Neuromodulation 2016.

48. Charvet LE, Bikson M, Datta A et al. Remotely-supervised transcranial direct current
stimulation (tDCS). New York, NY: NYC Neuromodulation Conference, 2015.

49. Charvet LE, Kasschau M, Datta A et al. Remotely-supervised transcranial direct cur-
rent stimulation (tDCS) for clinical trials: guidelines for technology and protocols.
Front Syst Neurosci 2015;9:26.

50. Kasschau M, Sherman K, Haider L et al. A protocol for the use of remotely-
supervised transcranial direct current stimulation (tDCS) in multiple sclerosis (MS).
J Vis Exp 2015:e53542.

51. Kurtzke JF. Rating neurologic impairment in multiple sclerosis: an expanded disabili-
ty status scale (EDSS). Neurology 1983;33:1444–1452.

52. Charvet L, Shaw M, Haider L, Melville P, Krupp L. Remotely-delivered cognitive
remediation in multiple sclerosis (MS): protocol and results from a pilot study. Mult
Scler J Exp Transl Clin 2015;1:1–10.

53. Vsee: World’s Largest Video Telemedicine Platform, 2015. https://vsee.com/ [cited
October 2015].

54. TeamViewer. TeamViewer- the All-In-One Software for Remote Support and Online
Meetings, 2015. https://www.teamviewer.com/en/index.aspx [cited 2015 October
2015].

55. Labs L. Lumosity Research, 2015. http://www.lumosity.com/hcp/research [cited 2015].
56. Mattioli F, Bellomi F, Danni M et al. A RCT comparing specific intensive cognitive

training to aspecific psychological intervention in RRMS: the SMICT study. Front Neu-
rol 2015;5:278.

57. Au J, Sheehan E, Tsai N, Duncan GJ, Buschkuehl M, Jaeggi SM. Improving fluid intel-
ligence with training on working memory: a meta-analysis. Psychon Bull Rev 2014.

58. Buschkuehl M, Hernandez-Garcia L, Jaeggi SM, Bernard JA, Jonides J. Neural effects
of short-term training on working memory. Cogn Affect Behav Neurosci 2014;14:147–
160.

59. Buschkuehl M, Jaeggi SM, Hutchison S et al. Impact of working memory training on
memory performance in old-old adults. Psychol Aging 2008;23:743–753.

60. Jaeggi SM, Buschkuehl M, Jonides J, Perrig WJ. Improving fluid intelligence with
training on working memory. Proc Natl Acad Sci USA 2008;105:6829–6833.

61. Jaeggi SM, Buschkuehl M, Perrig WJ, Meier B. The concurrent validity of the N-back
task as a working memory measure. Memory 2010;18:394–412.

62. Seibt O, Brunoni AR, Huang Y, Bikson M. The pursuit of DLPFC: non-neuronavigated
methods to target the left dorsolateral pre-frontal cortex with symmetric bicephalic
Transcranial Direct Current Stimulation (tDCS). Brain Stimul 2015;8:590–602.

63. Wilkerson G. WRAT3: wide range achievement test administration manual. 15 Ashley
Place, Suite 1A. Wide Range, Inc.: Wilmington, 1993.

64. Langdon DW, Amato MP, Boringa J et al. Recommendations for a brief international
cognitive assessment for multiple sclerosis (BICAMS). Mult Scler 2012;18:891–898.

65. Smith A. The Symbol Digit Modalities Test (SDMT) Symbol Digit Modalities Test: Manual.
Torrance: Western Psychological Services, 1982.

66. Benedict RH. Brief visuospatial memory test - revised: professional manual. Odessa:
Psychological Assessment Resources, Inc., 2007.

CHARVET ET AL.

www.neuromodulationjournal.com VC 2017 International Neuromodulation Society Neuromodulation 2018; 21: 383–389

3
8

8

http://https://vsee.com/
http://https://www.teamviewer.com/en/index.aspx
http://www.lumosity.com/hcp/research


67. Kreutzer J, Deluca J, Caplan B. Rey Auditory Verbal Learning Test (RAVLT).
Neuropsychology.

68. Callejas A, Lupianez J, Funes MJ, Tudela P. Modulations among the alerting, orient-
ing and executive control networks. Exp Brain Res 2005;167:27–37.

69. CogState. CogState, 2015. http://cogstate.com/ [cited February 10, 2015].
70. Ishigami Y, Fisk JD, Wojtowicz M, Klein RM. Repeated measurement of the attention

components of patients with multiple sclerosis using the Attention Network Test-
Interaction (ANT-I): stability, isolability, robustness, and reliability. J Neurosci Methods
2013;216:1–9.

71. Ishigami Y, Eskes GA, Tyndall AV, Longman RS, Drogos LL, Poulin MJ. The Attention
Network Test-Interaction (ANT-I): reliability and validity in healthy older adults. Exp
Brain Res 2016;234:815–827.

72. Maruff P, Thomas E, Cysique L et al. Validity of the CogState brief battery: relation-
ship to standardized tests and sensitivity to cognitive impairment in mild traumatic
brain injury, schizophrenia, and AIDS dementia complex. Arch Clin Neuropsychol
2009;24:165–178.

73. Wojtowicz MA, Ishigami Y, Mazerolle EL, Fisk JD. Stability of intraindividual variabili-
ty as a marker of neurologic dysfunction in relapsing remitting multiple sclerosis.
J Clin Exp Neuropsychol 2014;36:455–463.

74. Wang C, Ding M, Kluger BM. Change in intraindividual variability over time as a key
metric for defining performance-based cognitive fatigability. Brain Cogn 2014;85:
251–258.

75. DeLuca GC, Yates RL, Beale H, Morrow SA. Cognitive impairment in multiple sclero-
sis: clinical, radiologic and pathologic insights. Brain Pathol 2015;25:79–98.

76. Bobholz JA, Rao SM. Cognitive dysfunction in multiple sclerosis: a review of recent
developments. Curr Opin Neurol 2003;16:283–288.

77. Shiozawa P, Fregni F, Bensenor IM et al. Transcranial direct current stimulation for
major depression: an updated systematic review and meta-analysis. Int J Neuropsy-
chopharmacol 2014;17:1443–1452.

78. Bikson M, Name A, Rahman A. Origins of specificity during tDCS: anatomical,
activity-selective, and input-bias mechanisms. Front Hum Neurosci 2013;7:688.

79. Segrave RA, Arnold S, Hoy K, Fitzgerald PB. Concurrent cognitive control training
augments the antidepressant efficacy of tDCS: a pilot study. Brain Stimul 2014;7:
325–331.

80. Vinogradov S, Fisher M, de Villers-Sidani E. Cognitive training for impaired neural
systems in neuropsychiatric illness. Neuropsychopharmacology 2012;37:43–76.

81. Vinogradov S, Fisher M, Nagarajan S. Cognitive training in schizophrenia: golden
age or wild west?. Biol Psychiatry 2013;73:935–937.

82. Merzenich MM, Nahum M, Van Vleet TM. Neuroplasticity: introduction. Prog Brain
Res 2013;207:xxi–xxvi.

83. Nahum M, Lee H, Merzenich MM. Principles of neuroplasticity-based rehabilitation.
Prog Brain Res 2013;207:141–171.

84. Mishra J, de Villers-Sidani E, Merzenich M, Gazzaley A. Adaptive training diminishes
distractibility in aging across species. Neuron 2014;84:1091–1103.

85. Merzenich MM, Van Vleet TM, Nahum M. Brain plasticity-based therapeutics. Front
Hum Neurosci 2014;8:385.

86. Kollndorfer K, Krajnik J, Woitek R, Freiherr J, Prayer D, Schopf V. Altered likelihood of
brain activation in attention and working memory networks in patients with multi-
ple sclerosis: an ALE meta-analysis. Neurosci Biobehav Rev 2013;37 (10 Pt 2):2699–
2708.

87. Glanz BI, Healy BC, Hviid LE, Chitnis T, Weiner HL. Cognitive deterioration in patients
with early multiple sclerosis: a 5-year study. J Neurol Neurosurg Psychiatry 2012;83:
38–43.

88. Pelosi L, Geesken JM, Holly M, Hayward M, Blumhardt LD. Working memory impair-
ment in early multiple sclerosis. Evidence from an event-related potential study of
patients with clinically isolated myelopathy. Brain 1997;120 (Pt 11):2039–2058.

89. Brissart H, Leininger M, Le Perf M, Taillemite L, Morele E, Debouverie M. [Working
memory in multiple sclerosis: a review]. Rev Neurol (Paris) 2012;168:15–27.

90. Mashall L, M€olle M, Siebner HR, Born J. Bifrontal transcranial direct current stimula-
tion slows reaction time in a working memory task. BMC Neurosci 2005;6:23.

91. Hanken K, Bosse M, M€ohrke K et al. Counteracting fatigue in multiple sclerosis with
right parietal anodal transcranial direct current stimulation. Front Neuro 2016;7:154.

COMMENT
Remotely supervised tDCS is relatively new, and this study is innova-

tive both for application in MS cognitive decline, but also for the
broader clinical TMS research community. The relevance also extends
beyond controlled clinical research where application in the wider lay
community might ultimately benefit from this approach. The study itself
used a cognitive-therapy-only control, but did not use sham tDCS,
which is a clear limitation of the study, although this is acknowledged in
the manuscript. The study shows that over 10 sessions of remotely
supervised tDCS and cognitive training in participants with multiple scle-
rosis, complex attention assessment improved, without decline in basic
attention or general cognition. Further, the proof of concept that tDCS
can be safely administered in the home in a monitored clinical research
study, was demonstrated.

Dylan J. Edwards, PhD, PT
White Plains, NY, USA
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