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Abstract

With technological advancements and an aging population, there is growing interest in deliv-

ering interventions at home. Transcranial Direct Current Stimulation (tDCS) and Cognitive

Remediation (CR) as well as Cognitive Training (CT) have been widely studied, but mainly

in laboratories or hospitals. Thus, the objectives of this review are to examine feasibility and

the interventions components to support the domiciliary administration of tDCS and CR. We

performed a systematic search of electronic databases, websites and reference lists of

included articles from the first date available until October 31, 2018. Articles included had to

meet the following criteria: original work published in English using human subjects, majority

of tDCS or CR intervention administered remotely. A total of 39 studies were identified (16

tDCS, 23 CR/CT, 5 using both tDCS & CT). Four studies were single case studies and two

were multiple case studies. The remaining 33 studies had a range of 9–135 participants.

Five tDCS and nine CR/CT studies were double blind randomized controlled trials. Most

studies focused on schizophrenia (8/39) and multiple sclerosis (8/39). Literature examined

suggests the feasibility of delivering tDCS or CR/CT remotely with the support of information

and communication technologies.

Introduction

Currently, 47 million people worldwide suffer from dementia, with nearly 10 million new

cases each year, making it the 7th global leading cause of death [1]. Alzheimer’s Dementia

(AD) represents a growing health concern and contributing to 60–70% of dementia cases

worldwide [2]. Given the growing prevalence rate of AD, preventative interventions and treat-

ments that target individuals on a population level are crucial.
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There are limited effective treatments available for AD, highlighting the necessity for pre-

ventative options. Recent research on preventative measures has focused on interventions that

target brain neuroplasticity and cognitive reserve [3, 4] due to observed maladaptive neuro-

plastic changes in various neuropsychiatric diseases [5]. Such changes are also visible in AD,

whereby deficits in cognition, may be related to disruptions in the connections among neurons

and neuronal networks [5]. Therefore, inhibiting these pathological changes and enhancing

neuroplasticity may be beneficial for preventing or delaying the onset of AD and enhancing

cognition [5]. Two interventions that have the potential of enhancing neuroplasticity and can

be delivered remotely, offering a scalable preventative effect, are transcranial direct current

stimulation (tDCS) and cognitive remediation (CR) [6, 4].

CR has been shown in several trials that it could enhance cognition in healthy individuals

and in patients with mild cognitive impairment (MCI), a clinical state that typically precedes

AD [7–9]. Enhancing cognition in MCI is a promising strategy towards AD prevention

[10]. Thus, efforts to optimize the efficacy of CR using synergistically acting interventions

are highly needed. tDCS is an ideal intervention to be combined with CR because of its ease

of use and portability to be delivered, for example, during CR, and because of its posited

mechanism of action which would be complementary and possibly synergistic to CR as

described above. Hence, in this review, we focused on the studies that combined CR with

tDCS.

tDCS is a non-invasive brain stimulation that can be safely administered to awake outpa-

tients and is thought to shift the resting membrane potential with a low intensity electrical cur-

rent (e.g., 2 mA). This shift increases motor cortical excitability with anodal stimulation and

suppresses it with cathodal stimulation [11]. However, this dichotomy is less consistent in

non-motor cortical area [12]. tDCS has the potential to reduce symptoms of cognitive decline

and enhance cognition and rehabilitation in neuropsychiatric diseases [4, 13], including mild

AD [14–16], through the modulation of neuronal activity and neuroplasticity [4, 11]. Unlike

other non-invasive brain stimulation devices, tDCS equipment is readily transportable, mak-

ing it a viable population-level intervention, and an option for patients with AD who need

remote assistance.

CR programs also offer a way of improving neurocognitive abilities by inducing functional

changes within the brain [6]. In CR, patients engage in computerized cognitive exercises and,

with the help of a therapist, are encouraged to utilize their metacognition in order to identify

and modify their problem-solving techniques [17]. CR has been shown to improve cognition

in schizophrenia [18], bipolar disorder [19, 20], alcohol dependence [21], and major depres-

sion [6, 22, 64]. CR training programs are available online and therefore can be easily accessed

from home.

tDCS is thought to alter cortical excitability resulting in more or less responsiveness to

another intervention delivered concomitantly. As such, combining CR with tDCS could

result in optimizing the effects of CR by priming the targeted cortical areas and, in turn,

enhancing their response to CR. This is consistent with empirical evidence in healthy indi-

viduals [23].

Although a number of studies have examined the tolerability and efficacy of home-based,

remotely-supervised tDCS and cognitive training in order to determine viability [24–26], no

study to date has examined the combination of tDCS and CR delivered remotely as preventa-

tive measures for dementia. The current review intends to summarize existing literature on

remote delivery of tDCS and CR/CT. Insight into the current research findings will allow for

future determination of the potential usefulness of these two techniques to act as preventative

treatment options for dementia on a population level.

Remote tDCS and cognitive remediation
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Methods

Selection strategy

PubMed, Ovid, PsycINFO and CINAHL databases were searched focusing on studies from the

first date available to October, 31 2018 for tDCS and CR/CT at-home studies. The literature

search was divided into 2 categories:

tDCS at-home studies. Titles and abstracts for the following Medical Subject Headings

(MesH) terms and keywords were searched: (transcranial direct current stimulation or tDCS)

in combination with “at-home” OR “home-based” OR “remotely supervised” OR “home treat-

ment” OR “telemedicine” OR “self-administered.”

Cognitive training and cognitive remediation at-home studies. Titles and abstracts for

the following MesH terms and keywords were searched: cognitive remediation or cognitive

training in combination with “at-home” OR “home-based” OR “remotely supervised” OR

“home treatment” OR “telemedicine” OR “self-administered.”

The rationale for searching for both CT and CR is the following: CT and CR are treat-

ments that aim to improve cognition. In CT, participants typically engage with computer

training exercises that use drill and practice to stimulate neuroplasticity. CT involves a set of

tasks that focus on cognitive functions but CT does not include other aspects utilized in CR.

CR is a behavioral intervention that utilizes a combination of drill and practice exercises,

strategy contemplation, cognitive transfer as well as applying strategies to real-world situa-

tions. CR builds on CT with additional techniques such as monitoring and development of

problem-solving strategies and considering how cognitive skills and strategies generalize to

daily life. While both show efficacy for enhancing cognition, CR is more likely to result in

changes in everyday functioning. CR, however, has not been utilized in studies targeting cog-

nition remotely as often as CT. We found that by including studies utilizing CT, we would be

able to get a better understanding of how these studies delivered this intervention remotely.

This learning could then be applied and adapted to future studies looking at delivering CR

remotely.

Selection criteria

tDCS at-home studies. The following inclusion criteria were applied: (1) articles pub-

lished in English; (2) original research with human participants, (3) home-based intervention.

Excluded papers were: (1) articles reporting tDCS data from research settings, such as labora-

tories, hospitals, clinics, and research centers; (2) review, guideline and protocol papers with-

out reporting original research; (3) articles that used animals as study subjects, (4) articles

reporting do-it-yourself (DIY) tDCS use.

Cognitive training and cognitive remediation at-home studies. The following inclusion

criteria were applied: (1) articles published in English; (2) original research with human partic-

ipants; (3) home-based interventions. Excluded papers were: (1) articles reporting CR/CT data

from research settings such as laboratories, nursing homes, hospitals, clinics, and research cen-

ters, (2) review, guideline and protocol papers without reporting original research.

Data extraction/collection

Data extraction is illustrated in Figs 1 and 2. After filtering for inclusion and exclusion criteria

and eliminating duplicates, 11 home-based tDCS papers, 23 home-based CT or CR papers,

and 5 studies that discussed both home-based CT and tDCS were included from this system-

atic multiple database search in the current review.

Remote tDCS and cognitive remediation
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Fig 1. Preferred reporting items for systematic reviews and meta-analyses (PRISMA) flow diagram for tDCS at-home studies.

https://doi.org/10.1371/journal.pone.0223029.g001
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Results

A total of 39 publications met the inclusion criteria for this review. Out of the 39 identified

publications, two studies were single case studies and two were multiple case studies, one

Fig 2. Preferred reporting items for systematic reviews and meta-analyses (PRISMA) flow diagram for cognitive remediation and

cognitive training at-home studies.

https://doi.org/10.1371/journal.pone.0223029.g002
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involving six participants and the other involving four participants. The remaining 33 pub-

lished articles reported on a sample size range of 9–135 participants. Studies were published

between the years of 1995–2018, and targeted multiple diagnoses including but not limited to:

multiple sclerosis [24–26, 32–34, 51], Parkinson’s disease [26, 36, 49], brain injury [50, 58, 60],

and schizophrenia [35, 43, 45, 52, 54, 55, 57, 61]. Only three papers [27–29] and one case study

[30] were published with AD as the target population, with an additional study targeting mild

vascular dementia [31]. Studies examined in this systematic search included both males and

females with a noted age range of 7.77 (standard deviation: 1.62) to 94 years of age.

Remote tDCS research published to date

There were 16 studies total that met the inclusion criteria. Studies targeted a range of symp-

toms and disorders, but most research focused on multiple sclerosis [25, 26, 32–34], schizo-

phrenia [35], Parkinson’s disease [26, 36] and dementia [30, 31]. Symptoms and disorders are

illustrated in Table 1.

Study design. Of the 16 tDCS studies reviewed, five were double blind randomized con-

trolled trials [26, 33, 37–39], two were single blind randomized sham controlled trials [31, 40],

two were pilot studies [25, 34], two featured a randomized double-blind cross-over design [22,

41], two were open label studies [33, 36], one was a multiple case study with four participants

[42] and two were single case studies [30, 35]. See Table 1 for details.

Participants. There was high variability in the sample size and age of participants across

studies. The ages of participants ranged from 17 to 86. The number of participants in each

study ranged from 1 to 45, with an average of 19.63 (SD 12.02) participants (see Table 1 for

details).

Administration parameters. tDCS stimulation was administered for 20 minutes per ses-

sion in all studies except three [30, 35, 39]. The current used for the stimulation ranged

between 1 to 3mA, with 12 studies using either 1.5mA or 2mA. Administration time and the

amount of current used for each study is listed in Table 1.

Participants either self-administered tDCS (n = 4/16 studies) [22, 38–40], administered

tDCS with the help of an aide or study partner (n = 6/16 studies) [25, 30, 31, 35, 37, 41], or

could choose what they preferred [42]. Five studies encouraged self-administration, but used a

proxy or caregiver if further assistance was required [26, 32–34, 36] (see Table 1 for details).

The most common electrode placement was the dorsolateral prefrontal cortex setup

(DLPFC), where the anodal electrode was placed over the left DLPFC, and the cathodal elec-

trode over the right DLPFC or temporal lobe (n = 11/16 studies) [26, 27, 32–36, 38, 39, 41, 42].

Furthermore, the majority of studies reviewed utilized tDCS head gear for simple and consis-

tent electrode placement each session (n = 11/16 studies) [25, 26, 32–36, 38–40, 42] (see

Table 1 for details).

The number of sessions administered varied across studies with participants receiving an

average of 15.17 (SD = 12.36) tDCS sessions, ranging between 4 to 60 sessions for studies last-

ing less than four months. Within longer running studies, one study involved 8 months of

daily tDCS sessions [30], and another study followed a participant for three years receiving

1–2 daily treatments, with tDCS sessions still ongoing at the time of publication [35] (see

Table 1 for details).

Training and safety measures. Although the majority of studies employed tDCS training

at the baseline testing visit or during the first session at the research center (n = 12/16 studies)

[22, 25, 26, 32–34, 36–39, 41, 42], the length, intensity and nature of training varied across

research. In most cases training sessions consisted of an instructional video, hands-on tDCS

coaching and monitoring by a study technician [26, 32, 34, 36, 39, 41, 42], troubleshooting

Remote tDCS and cognitive remediation
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Table 1. Summary characteristics of studies on remotely-delivered tDCS.

Authors

(Year)

Type of Study Disease N Age tDCS

Current

(mA)

Number of

tDCS Sessions

Duration of

tDCS

Stimulation

Electrode Placement Results

Agarwal

et al. (2018)

Open label

study

Parkinson

Disease (PD)

16 Enrolled

10 in final

analysis

67.6

±5.9

2.0 10 20 Min Bilateral DLPFC

Montage (Left

Anodal)

Significant

improvement in

motor symptoms.

Andrade

(2013)

Single case

study

Schizophrenia 1 25 Session

1–5 = 1.0.

Session 6+,

2.0, then

3.0

1 or 2

sessions per

day for 3

years

Sessions

1–5 = 20

Min. After

session

5 = 30 Min

Anodal tDCS over

left DLPFC and

cathodal over left

temporoparietal

cortex.

Greater

improvement in

psychosocial

functions.

Andre et al.

(2016)

Single blind

randomized

sham

controlled

trial

Mild Vascular

Dementia

21 (13 active

& 8 sham)

78.6

(age

range:

63–94)

2.0 4 consecutive

sessions

20 Min Anodal or sham over

left DLPFC

Anodal stimulation

showed meaningful

improvement in

visual recall and

reaction times.

Bystad et al.

(2017)

Single case

study

Alzheimer’s

Disease

1 60 2.0 Daily for 8

consecutive

months

30 Min Anodal over left

temporal lobe (T3 in

the 10/20 system)

and reference

electrode over right

frontal lobe

Cognitive function

was stabilized;

improved

immediate and

delayed recall.

Carvalho

et al. (2018)

Double blind

randomized

controlled

rrial

Healthy Subjects

(HS) and

Fibromyalgia

(FM)

HS: 20

enrolled 19

in final

analysis

HS:

26.31

±4.89

2.0 HS: 10 HS: 20 Min HS: Anodal; Left

primary motor cortex

(M1) & Cathodal;

contra-lateral supra-

orbital area.

The findings

suggest tDCS is

feasible for home

use with

monitoring.

FM; 49.5

±8.48

FM: 60

(5

session

per

week)

FM: 30 Min FM: 8 FM: Left DLPFC

Cha et al.

(2016)

Single blind

randomized

sham

controlled

trial

Mal

Debarquement

Syndrome

24 (12 active

10 Sham & 1

open label)

52.9

(12.2)

1.0 20 (5 sessions

per week)

20 Min Anodal placed over

left DLPFC and

cathodal over right

DLPFC.

Active tDCS after

rTMS improved

rocking perception,

anxiety and

dizziness.

Charvet

et al. (2017)

Double blind

randomized

controlled

trial

Multiple Sclerosis Study 1 15

Active; 20

Control

Study 1

52

Study

1 = 1.5.

Study 1: 10 20 Min Anodal was placed

over the left

dorsolateral prefontal

cortex (DLPFC)

tDCS has the

potential to

significantly reduce

multiple sclerosis

related fatigue.
Study 2 15

Active; 12

Sham

Study 2

44.2

Study

2 = 2.0.

Study 2: 20

Charvet

et al. (2017)

Open label

study

Multiple Sclerosis 45 25 tDCS

+ CT; 20 CT

Only

51.96

(11.0)

1.5 10 20 Min Used “OLE” system,

targeted DLPFC;

Anodal on the left

(F3), cathodal over

right (F4).

Anodal stimulation

at both sites

improved complex

attention and

response variability

composites

compared to CT

only group.

Hagenacker

et al. (2014)

Randomized

double-blind

cross-over

design

Trigeminal

Neuralgia

17 enrolled,

10 completed

study

63 (age

range

49–82)

1.0 14

consecutive

daily sessions

20 Min Anodal tDCS over

the primary motor

cortex (M1).

Pain intensity

significantly

reduced.

(Continued)
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Table 1. (Continued)

Authors

(Year)

Type of Study Disease N Age tDCS

Current

(mA)

Number of

tDCS Sessions

Duration of

tDCS

Stimulation

Electrode Placement Results

Hyvarinen

et al. (2016)

Double blind

randomized

controlled

trial

Tinnitus 35 (active

tDCS = 23 &

12 sham)

51

(15.4)

2.0 10

consecutive

sessions

20 Min Two different

placements (1)

Anodal over left

temporal area &

cathodal over frontal

area; (2) Anodal &

cathodal placed

symmetrically

bilaterally over

frontal areas.

Overall

improvement in

tinnitus severity.

Kasschau

et al. (2015)

Pilot study Multiple Sclerosis

(MS)

20 (4 with

proxy)

N/A 1.5 10; over

period of 2

weeks

20 Min Electrodes were

placed in the bilateral

dorsolateral

prefrontal cortex

(DLPC); Anode

placed over left side.

Feasibility of

remotely-supervised

tDCS established

for MS patients with

Expanded Disability

Status Scale (EDSS)

of 6.0 or below OR

6.5 or above with

proxy.

Kasschau

et al. (2016)

Pilot study Multiple Sclerosis 20 (all active) 51

(9.25)

1.5 10 20 Min DLPFC; uniform

bilateral dorsolateral

prefrontal cortex (left

anodal).

Anodal stimulation

improved all

symptoms

measured; pain,

fatigue, affect and

cognitive processing

speed.

Marten et al.

(2018)

Randomized

double-blind

cross-over

design

Minimally

Conscious State

(MCS)

37

enrolled;27

Final

analysis: 12

active/ sham

10 sham/

active

Age

range:

17–75

2.0 20 sessions

over period of

4 weeks

20 Min Anodal: over left

DLPFC & cathode

over right

supraorbital region.

Moderate

improvement in

recovery of signs of

consciousness.

• Only 17 patients

completed

remote tDCS.

The rest

completed tDCS

from nursing

home/rehab

center.

Mortensen

et al. (2015)

Double blind

randomized

controlled

trial

Stroke-Patients

with upper limb

motor

impairment

following

intracerebral

hemorrhage

15 (8 anodal

tDCS, 7

sham)

44–76 1.5 5 consecutive

sessions

20 Min Anodal or sham over

primary motor cortex

(M1); anode placed

on ipsilesional MI

and cathode over

contralesional

supraorbital region.

Anodal tDCS

+ occupational

therapy (OT)

provide greater

improvements

compared to OT

only.

Riggs et al.

(2018)

Multiple case

study

Chronically Ill

with multiple

symptoms

4 Age

range:

44–63

Phase 1 10

daily

consecutive

sessions.

Phase 2; as

needed over

20 days.

20 Min DLPFC montage (left

anodal) or MI-SO

electrode montage

Telehealth-tDCS

protocol was

successful and easy

to replicate

electrode placement

at home via

headband–pre-

determined

position.

Shaw et al.

(2017)

Double Blind

Randomized

Controlled

Trial

Multiple Sclerosis

(MS) and

Parkinson

Disease (PD)

Study 1 26

(MS)

No

Info.

Study 1 =

1.5

Study 1 = 10 20 Min DLPFC (left anodal) Total of 748

sessions completed

with high

tolerability. tDCS is

feasibility with

remote supervision.

Study 2

MS = 20 &

PD = 6

Study 2

MS = 2

PD = 2 or

1.5

Study 2

MS = 20

PD = 10

https://doi.org/10.1371/journal.pone.0223029.t001

Remote tDCS and cognitive remediation

PLOS ONE | https://doi.org/10.1371/journal.pone.0223029 February 24, 2020 8 / 27

https://doi.org/10.1371/journal.pone.0223029.t001
https://doi.org/10.1371/journal.pone.0223029


techniques [26, 34, 39, 41, 42], as well as an assessment of the participant’s ability to replicate

the procedures competently at home [26, 38–42]. Training also incorporated safety assess-

ments, including tolerability testing at the initial clinic visit [25, 26, 32–34, 36, 39, 42] (see

Table 2 for details on training).

Most studies implemented a number of safety measures in order to ensure safe and con-

trolled use of the tDCS device. This included tDCS devices that were programmed to allow for

a minimum of 12 hours between sessions [39], and devices that released a single session of

stimulation after receiving a one-time unlock code [25, 26, 32–34, 36, 39, 42]. Additional safety

measures included machines with password protected settings [40], anode and cathode

sponges that had opposite male and female connections [40], as well as tDCS machines that

measured and displayed contact quality prior to the start of stimulation [25, 26, 34, 36, 39,

41, 42].

Fidelity monitoring. All studies (n = 16 studies) used some form of fidelity monitoring

including real-time monitoring by means of video-conferencing (n = 8/16 studies) [25, 26, 32–

34, 36, 39, 42], remote control software (n = 7/16 studies) [25, 26, 32–34, 36, 42], daily online

check-ins (n = 1/16 studies) [40], treatment diaries (n = 4/16 studies) [22, 38, 39, 41], webcam

or Facetime sessions (n = 1/16 studies) [40] and weekly home visits (n = 1/16) [41]. See Table 2

breakdowns of how each study engaged in fidelity monitoring.

Effectiveness of tDCS treatment. Overall, all studies reviewed reported significant

improvement in physical or mental symptoms, such as a reduction in fatigue [25, 33] and pain

[22, 25], improved pain management [41], improved anxiety and dizziness ratings [40],

improvements in affect [25], motor function [36], rocking perception, [40], psychosocial func-

tioning [35] and moderate improvements in consciousness [41]. Further significant improve-

ments were noted in areas of cognition, including processing speed [25, 31], visual recall [31],

attention and response variability composites [32] as well as stabilization of cognitive decline

for AD patients, with some improvement in memory function also noted [30].

Feasibility of remote tDCS. Many studies supported the feasibility of remotely supervised

tDCS [25, 26, 32, 36, 39, 41, 42] and found it to be well tolerated [22, 25, 36, 39, 41], easy to use

and safe [38, 39]. High compliance rates (80% or higher) were noted in nine studies [32, 36,

39, 41, 43–47]. Only one study noted generally poor compliance rates and a high dropout rate

[48], and two other studies noted participants training less than desired [49], or not always fol-

lowing the protocol [50]. The remaining four studies did not discuss compliance rates.

Five studies addressed the combination of remotely delivered tDCS and cognitive training

[25, 26, 32, 33, 36]. No additional training or supervision by study staff was discussed with the

incorporation of cognitive training into the study protocol.

Remote cognitive remediation and cognitive training research published to

date

There were 24 studies total that met the inclusion criteria. There was wide variability in the

populations targeted including, but not limited to, schizophrenia [43, 52, 54, 55, 57, 61] and

individuals who were at risk of developing psychosis [45], multiple sclerosis [24, 26, 51],

dementia [27–29], Parkinson’s disease [26, 49], and brain injury [50, 58] (see Table 3 for

details).

Study design. Among the 24 studies reviewed, there were nine double blind, randomized

controlled trials [24, 26–28, 45, 46, 48, 51, 52], one randomized waitlist controlled trial study

[53], one multicenter randomized control trial [29], three pilot studies [47, 54, 55], one single

group study [49], one within subject study [56], one controlled experimental design [57], one

follow-up single group design study [58], one case control study [59], one longitudinal within-
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Table 2. Specific elements of transcranial direct current stimulation delivered remotely.

Authors

(Year)

Pre Training on

tDCS

Pre and/or

Paired

Intervention

with tDCS

Home visit By

Research team

Additional features or

Equipment to support

remote delivery

Monitoring/Support/fidelity Remarks

Agarwal

et al. (2018)

1st session: training

for participants at

clinic

Paired:

Cognitive

Training

No • Home tDCS kit,

laptop with a mouse

& software

• Program for remote

control & video

conferencing

• Video conferencing &

remote control

• tDCS only “unlocks’ one

dose per code–controlled by

study technician

• Family member also trained

on tDCS in case further

assistance is needed

• All sessions were well

tolerated and completed

successfully

• The telemedicine

protocol for PD patients

maximized compliance

& recruitment

• Afternoon sessions were

more effective than

morning sessions

Andrade

(2013)

N/A Medication;

Clozapine (200–

300 mg/d);

Aripiprazole

(15mg/d)

• Patient

previously on

rTMS

treatment

N/A No Medically qualified family

member

• Domiciliary tDCS is a

feasible treatment but

needs to be monitored

frequently to confirm

adherence to treatment

protocols

• No long-term harm

Andre et al.

(2016)

No info No No No No No info

Bystad et al.

(2017)

No info, but

indicated patient

understood the

procedure

No No info • Fixed stimulation

schedule (8 am) and

reminder on

patient’s phone

• Stimulator output

controlled with

multimeter device

Patient’s wife Long term self-

administration of tDCS for

AD patient was possible

with support from

caregiver (wife).

Carvalho

et al. (2018)

1 training session:

step by step process

for self-stimulation

No N/A Phone to communicate

with research team

• Diary

• Written form

• Contact phone (Team

available 24 hr via phone)

Adherence was high (90%).

tDCS is feasible for home

use with monitoring.

Cha et al.

(2016)

3 days (30–60 min

each) of tDCS self-

administration

training

Pre: 5

consecutive

sessions of rTMS

No Participants own cell

phone

• Personalized web links

though SurveyMonkey with

a daily check in

• ‘Study Buddy’ for back-up

communication

• Email & phone calls

The home based self-

administered tDCS was

found to be excellent and

very safe. Compliance was

high and participant felt

confident setting up tDCS.

Charvet et al.

(2017)

Participant trained

on tDCS,

tolerability testing

followed by 1st

tDCS session at

clinic

Paired:

Cognitive

Training

No Study kit at-home use

(laptop computer with

mouse and charger,

tDCS device with

headset, sponges, and

extra saline)

Supervised at all times during

sessions via videoconferencing

software.

Home based tDCS

treatment is possible with

RS-tDCS protocol among

people with MS.

Charvet et al.

(2017)

1st session at clinic

to determine

capacity for self-

administration of

tDCS

Paired:

Cognitive

Training

No • Laptop with software

for real time

supervision.

• A one-time use dose

code for each

session.

• Videoconferencing and

program for remote access

by study technician.

• Informational packet &

short instructional video.

• A proxy or caregiver to assist

with tDCS headset

placement and device

operation

Successful in reaching

participants away from

clinic to conduct self-

administrated tDCS via

telerehabilitation

protocols.

(Continued)
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Table 2. (Continued)

Authors

(Year)

Pre Training on

tDCS

Pre and/or

Paired

Intervention

with tDCS

Home visit By

Research team

Additional features or

Equipment to support

remote delivery

Monitoring/Support/fidelity Remarks

Hagenacker

et al. (2014)

1st session training

for participants and

relative at research

centre.

Participants on

stable

medication and

anti-epileptic

drugs.

No Phone (if needed) Trained relative, diary,

electronic protocol within

stimulator that records correct

tDCS application, phone (in

case of problems; but never

used by participant).

tDCS was successful in

reducing pain through self-

evaluation, but remote

delivery was problematic

for elderly patients and

drop-out rates were high.

Hyvarinen

et al. (2016)

1st session

completed at

outpatient clinic

after a training

session.

No No Diary, free-form notes

& instructions to

monitor and report

skin condition.

No supervision provided;

Patients keep treatment diary,

and all the tDCS parameters

were pre-programmed into the

tDCS device.

Self-administered tDCS

was easy and safe; proper

training with pre-screening

for suitability is essential.

Supervision from a

healthcare professional is

recommended.

Kasschau

et al. (2015)

1st 2 sessions used

for in person

training

No Study technician

visited during 2nd

session to confirm

correct set-up and

assess home

suitability

Laptop with

instructional video &

secure video

conferencing

connection with

technician.

Web Conferencing All 152 remotely

supervised sessions showed

100% success in correctly

placing electrodes and

operating tDCS device.

Kasschau

et al. (2016)

1st session: training

for participants (or

proxy) at clinic

Paired: Web

based adaptive

cognitive

training

Home visit during

2nd session for

equipment delivery

& to oversee the first

virtual session.

• Laptop with

telemedicine

software

• Participant’s cell

phone at their

workstation

• One-time use dose

code to unlock each

session, controlled

by a study

technician.

• Web conferencing

• Participants cell phone used

for back up communication

• None of the sessions

were discontinued for

any participants

• 100% complete

adherence rate during

the stimulation protocol.

Marten et al.

(2018)

Training at home

or nursing home

for family member

or caregiver only

No Patient seen at home

or nursing home for

training

No • tDCS device recorded

sessions for adherence

• Patient’s relative and/or

caregiver gave daily report of

any abnormalities

• All patients tolerated

tDCS

• Home-based tDCS can

be used outside a

research facility or

hospital by patients or

caregivers.

Mortensen

et al. (2015)

Yes, but no

information

available

Paired:

Occupational

Therapy

tDCS applied for

remote training by

occupational and

physiotherapists

Delivered by trained

occupational and

physiotherapists at

participants home

Supervised by primary

investigator but no further

information available

• tDCS can be easily

applied for home-based

rehabilitation by

occupational/

physiotherapists

following practical and

theoretical instruction

• tDCS stimulation well

tolerated by participants

Riggs et al.

(2018)

One training

session at home

No One home visit for

initial phase;

eligibility, tolerability

& training

Telehealth device

paired with tDCS

• Telehealth device which

allowed remote assistance,

adherence monitoring, and

videoconferencing

• Informal caregiver

• No difficulties with

training participants,

protocol adherence, or

tolerability

• 60 sessions completed

without discontinuation

or adverse events.

(Continued)
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group design study [44], one feasibility study [43], one multiple case study [60], and two single

case studies [50, 61].

Participants. The age range and sample size varied, with participants ranging in age from

7 to 75. The number of participants in each study ranged from 1 to 135, with an average of

number of 41.1 (SD = 35.55) participants.

Administration parameters. There was high variability in the administration of CR and

CT. The duration of engagement, with one exception [50], ranged from 20 minutes per day to

two hours per day, with a frequency of two to seven days per week.

There was some variability in the type of CR or CT delivered, as well as the mode of deliv-

ery. Of the 24 studies examined, seven studies utilized principles of cognitive remediation [28,

29, 44, 48, 58, 60, 61], whereas the other 17 studies utilized cognitive training exclusively. Par-

ticipants completed tasks individually (n = 14/24 studies) [24, 26, 44, 45, 48, 49, 51, 52, 54–59],

or with a partner (n = 10/24 studies) [27–29, 43, 46, 47, 50, 53, 60, 61]. Studies used printed

materials (n = 7/24 studies) [27–29, 48, 50, 60, 61] and internet-based and/or computer-based

programs (n = 18/24 studies) [24, 26, 43–49, 51, 59] to deliver the intervention to participants.

Only five studies did not use any form of computerized program [27, 29, 50, 60]. Software also

varied quite extensively in studies that utilized a computer. Posit Science was used in six differ-

ent studies [24, 43, 45, 51, 52, 56], however, the program varied in its usage and utility.

A common factor across studies was utilizing programs that adjusted in difficulty level

based on participant performance (n = 21/24 studies) [24, 26, 27, 28, 43–47, 49–53, 55–61].

Training and guidance. Participant training ranged in duration and intensity and con-

sisted of no training and self-guided treatment (n = 4/24) [44, 47, 51, 58], having one session

of training in a group or alone (n = 6/24) [26, 43, 46, 48, 53, 54], weekly training [50], observa-

tional training [27, 28, 59] or training on an as-needed basis [52]. Training generally involved

printed instruction sheets and recommended strategies for daily activities, which were

explained prior to starting the intervention [60], education surrounding the human brain, cog-

nition and how cognition affects daily functioning [43, 48], educational handbooks, work-

sheets and information about compensatory strategies [48], as well as the protocol for the

computer software [56]. Only three studies discussed initial training, whereby training was

conducted at the study center during the first session [48, 54] for two hours [43] (see Table 4

for details on training and guidance for each study).

Fidelity monitoring. Most research provided ongoing monitoring and support by a study

technician (n = 20/24 studies) [24, 26, 29, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 54–60]. Software

programs that allowed for monitoring/real time feedback were utilized in most studies

(n = 14/24) [24, 26, 44–52, 55, 56, 60]. Check-ins were also quite common (n = 16/24 studies)

[24, 26, 44, 45, 46, 48, 49, 50, 51, 52, 54–59], and were completed primarily through phone or

email at least once a week (n = 7/24) [24, 43, 45, 46, 51, 55, 57]. Other studies used video con-

ferencing multiple times a week [44], or had study staff meet with participants once a week

Table 2. (Continued)

Authors

(Year)

Pre Training on

tDCS

Pre and/or

Paired

Intervention

with tDCS

Home visit By

Research team

Additional features or

Equipment to support

remote delivery

Monitoring/Support/fidelity Remarks

Shaw et al.

(2017)

1st session: trained

patients at clinic as

per RS-tDCS

protocol.

Paired:

Cognitive

Training

No Computer with the use

of remote desktop

software

Web conferencing RS-tDCS protocol is

feasible.

https://doi.org/10.1371/journal.pone.0223029.t002
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Table 3. Summary characteristics of studies on remotely-delivered cognitive remediation and cognitive training.

Authors

(Year)

Disease N/Group

Condition

Age (SD) Design Number of

Sessions/

Period

Setting

(Individual/

Group/ Couple)

Outcome Measures Results

Anguera

et al. (2017)

Sensory

Processing

Dysfunction

(SPD)

Experiment 1 =

62 (20 SPD

+ADHD, 25

Control & 17

SPD only)

9.7 (1.3) SPD

+ADHD, 10.5

(1.3) Healthy

Control, 10.3

(1.5) SPD

Pilot Study;

experimental

design

30 mins per

day which

consists of 7

tasks, 3–4

minutes

sessions, 5

days per week

for 4 weeks

Patient (a child)

and their

caregiver

(parent)

Perceptual

discrimination task,

Test of Variables of

Attention (TOVA) &

EVO assessment

(perceptual

discrimination,

visuomotor tracking

and multitasking

ability)

• SPD children

with

inattention/

hyperactivity

showed

improvement in

midline frontal

theta activity

and in

inattention.

• Experiment 1

and 2 used the

same

participants, but

Experiment 2

used remote

cognitive

training.

Experiment 2 =

57 (Final

analysis:17, 22 &

10)

Boman et al.

(2004)

Mild to

moderate

acquired non-

progressive

brain injury

10 47.5 Pre-post-

follow-up

design (single

group)

1 hour, three

times weekly

for 3 weeks in

their home or

at work

Individual The Attention Process

Training test, Digit

Span Test, Claeson-

Dahl test, The

Rivermead Behavioural

Memory test, The

Assessment of Motor

and Process Skills, The

European Brain Injury

Questionnaire, Self-

perceived quality of life.

Significant

improvement in

attention,

concentration and

memory.

• No significant

improvement in

activity.

Caller et al.

(2016)

Epilepsy 66 randomized to

3 equal groups.

Final analysis: 15

in H, 14 in H+

(coupled with

memory training)

and 20 control

49.3(9.2) H/H

+ and 41.4

(11.2) control

Randomized

control trial

20–40 min

daily, 5 days a

week for 8

weeks

Individual Quality of Life in

Epilepsy scale, QOLIE-

31, RBANS, PHQ-9,

FACT-Cog, BRIEF-A

and Satisfaction Survey

Significant

improvement in

cognition and

quality of life.

Charvet

et al. (2015)

Multiple

Sclerosis

20 (11

Experiment & 9

Active Control)

19–55 Double blind

randomized

control trial

30 min per

day/5 days a

week over 12

weeks (Target:

60 total days

played across

3 months)

Individual Cognitive Composite:

• -WAIS-IV (LNS),

SRT, BVMT-R, Corsi

block visual sequence

Significant

improvement in

cognitive

measures and

motor tasks.
Motor Composite:

• -DKEFS trials, Nine-

hole peg test, Timed

25-foot walk

Self-report measures:

• -ECog

Charvet

et al. (2017)

Multiple

Sclerosis

135 (74

Experiment & 61

Active control)

50 (12) Double blind

randomized

control trial

1 hour per

day, 5 days a

week over 12

weeks (Total

target: 60

hours)

Individual Neuropsychological

Test–PASAT, WAIS-IV

(LNS & DSB),

BVMT-R, D-KEFS, (2)

Self Report change in

Cognition.

Significant

improvement in

cognitive

functioning.

Cody et al.

(2015)

HIV 20 50.22(6.57) Within

subjects pre-

post

experiment

2 hours per

week for 5

weeks (Target

is 10 hours)

Individual Useful Field of View

(UFOV1) Wisconsin

Card Sorting, Finger

Tapping, Timed IADL

measures and feedback

on training

Significant

improvement in

processing speed

and possible

transfer to activity

of daily living.

(Continued)
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Table 3. (Continued)

Authors

(Year)

Disease N/Group

Condition

Age (SD) Design Number of

Sessions/

Period

Setting

(Individual/

Group/ Couple)

Outcome Measures Results

Fisher et al.

(2009)

Schizophrenia 55 (29

experiment

auditory training

& 26 control-

computer games)

• -Only 10 in

exp. group

performed

remote

training

Experiment

42.86 (10.07)

Pre-post;

controlled

experiment

design

1 hour per

day, 5 days

per week for

10 weeks

Individual PANSS, Quality of Life–

Abbreviated Version

and MATRICS

• Participants in

experiment

group showed

significant

improvement in

cognition,

memory and

auditory

psychophysical

performance.

• Data analysis

combined

training from

both remote &

laboratory

settings.

Control

45.31(9.39)

Fisher et al.

(2015)

Schizophrenia 86 (43

experiment & 43

Control group)

21.22 Double blind

randomized

control trial

1 hour daily, 5

days per week

for 8 weeks

(40 hours

training)

Individual MATRICS, D-KEFS

Tower Test, Strauss

Carpenter Outcome,

and Global

Functioning: Role and

Social Scales

Participants in

experiment group

(auditory training)

showed significant

improvement in

cognition,

memory and

problem solving.

Johnstone

et al. (2017)

ADHD Total 107; 54

experiment (44

completed) & 53

control (41

completed)

N/A Randomized

waitlist

control design

25 sessions

over a period

of 6 to 8

weeks (3 or 4

sessions a

week)

Patient (child)

and their

caregiver

(parent)

CBCL, Conners 3-P,

ADHD-RS, and WIAT-

11

Trainees improved

in the trained

tasks but

enjoyment and

engagement

declined.

Kirk et al.

(2016)

Intellectual and

developmental

disabilities

(IDD)

76 (38

Experiment & 38

Control; 37 in

final analysis

8.22 Double blind

randomized

control trial

About 20 min

per day, 5

times per

week, over a 5

week period

Patient (a child)

and their

caregiver

(parent)

WATT and SWAN Children that

received home

based attention

training showed

greater

improvement in

selective attention

performance.

Loewy et al.

(2016)

Clinical High

Risk (CHR)

patients for

psychosis

83 (Experiment

50; only 31

completed &

Control 33; only

17 completed)

18.1 Double blind

randomized

control trial

1 hour per

day, 5 days a

week for 8

weeks (40

hours total)

Individual SOPS, Global

Functioning: Role and

Social Scales,

MATRICS, D-KEFS,

NAB Mazes, HVLT-R

and BVMT-R

Participants in

experiment group

showed significant

improvement in

verbal memory.

Mariano

et al. (2015)

22q11 Deletion

Syndrome

Enrolled: 22 Final

analysis: 21

14.6 (1.3) Longitudinal

within-group

design

45 min per

day, 3 times

per week for 8

months

Individual

(teleconference)

Neurocognitive test

battery; CNS Vital Signs

(CNS-VS)

Significant

improvement in

working memory,

shifting attention

and cognitive

flexibility.

McBride

et al. (2017)

Chronic Fatigue

Syndrome

(CFS)

76 (36 CBT/GET

program & 36

CBT/ GET + CR

program)

35.5 (age

range: 13–71)

Case control

trail

3–5 sessions

per week, up

to a total of 40

sessions

Individual SPHERE (SOMA &

PSYCH subscale), SF-

36, Neuropsychological

Performance measures

Significant

improvement in

neurocognitive

symptoms and

cognition.

(Continued)
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Table 3. (Continued)

Authors

(Year)

Disease N/Group

Condition

Age (SD) Design Number of

Sessions/

Period

Setting

(Individual/

Group/ Couple)

Outcome Measures Results

Milman

et al. (2014)

Parkinson’s

Disease

18 67.7 (6.4) Pre-post;

single group

experiment

30 min a day,

3 days per

week for 12

weeks

Individual The Mindstreams

(NeuroTrax Corp., TX)

battery of computerized

neuropsychological test

and the Timed Up and

Go (TUG) test

Significant

improvement in

global cognitive

score & Timed Up

and Go (TUG)

measures.

Mohanty &

Gupta

(2013)

Traumatic Brain

Injury (TBI)

1 24 Single case

study

45 min to 1

hour twice a

day, for 9

months

Individual and

parent (father)

PGI Battery of Brain

Dysfunction, Selected

tests from NIMHANS &

Dysfunctional Analysis

Questionnaire

Improvement in

cognitive

functions and day

to day

functioning.

Nahum

et al. (2014)

Schizophrenia 34 (17

Schizophrenia &

17 matched

healthy control)

23.7 Pilot

experimental

study &

within subject

design

1–2 hours per

day, 2–5 days

per week for

6–12 weeks

(24 hours)

Individual SocialVille Training

Program Feasibility and

ease of use, SocialVille

Exercise-based

Assessments, Penn

Facial Memory, PROID,

MSCEIT), Social and

Role Scales, SFS, QLS,

BIS/BAS, TEPS

Improvement on

speeded

SocialVille and

working memory

tasks, motivation,

social cognition

and functioning.

• Only 10

Schizophrenia

patients

engaged in

cognitive

training from

home.

Pyun et al.

(2009)

Stroke

(Cognitive

Impairment)

Recruited 6 (2 did

not complete the

full 12 week

home program)

48.7 (age

range 28–62)

Multiple case

study

2 hours (only

30 min of CR)

per day, 7

days a week

for 12 weeks

Patients and

their caregivers

MMSE, NCSE, domain-

specific computerized

neuropsychological test,

LOTCA, MBI &

S-IADL

Significant

improvement in

activity of daily

living and

marginal

improvement in

general cognition.

Quayhagen

et al. (2001)

Alzheimer’s

Dementia

Experiment 1

56 couples

(experimental vs.

placebo vs.

control)

Experiment 1

Patients;

73.18 &

caregivers

67.75

Randomized

control trial

Experiment 1

1 hour a day,

5 days a week

for 12 weeks.

Spousal-

caregiving units

(patient and

caregiver)

WMS-R, DRS, FAS,

GCS & Marital Needs

Satisfaction Scale.

Improvement in

immediate

memory for

experimen1 and

problem solving

for experiment 2.

Verbal fluency

improved in both

studies.

Experiment 2

Patients; 74.97 &

caregiver 72.57

Experiment 2

30 couples

(experiment

vs. control)

Experiment 2

1 hour a day,

5 days a week

for 8 weeks.

Quayhagen

et al. (1995)

Alzheimer’s

Dementia

79 patients and

caregivers (78 in

final analysis)

73.6 (8.0)

patients &

66.7 (10.8)

caregivers

Randomized

control trial

1 hour a day,

6 days a week

for 12 weeks

Patient and their

caregiver

DRS, WMS-R, FAS,

Geriatric Coping

Schedule, Memory and

Behavior Problems

Checklist (part A)

Experiment group

showed

improvement in

cognition and

behavioral

performance.

Rajeswaran

et al. (2017)

Schizophrenia 1 26 Pre-post

intervention

single case

study

1 hour a day

for 10 weeks

Individual

(patient) and

caregiver

(mother)

NIMHANS & social

functioning

Cognitive

retraining

improved

cognitive

functions.

Regan et al.

(2017)

Mild Cognitive

Impairment

(MCI) &

Alzheimer’s

Dementia (AD)

55 enrolled; 40

finished study (25

intervention & 15

control)

Client: 77.2

(6.5),

Caregiver:

66.8 (15.0)

Multicenter

randomized

control trail

1 hour per

week for 4

weeks

Individual with

their caregiver

COPM, HADS, ICQ,

MMCQ, QOD, B-ADL,

ECOQ, RMBPC

Intervention

group showed

significant

improvement in

performance and

satisfaction.
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either at home [60, 61] or in a study clinic [60]. Additional tools included: instructional manu-

als [29, 30, 45, 60, 61], participant logs [56], checklists [60], and training schedules [51, 53, 61].

Effectiveness of remote delivery of cognitive remediation and cognitive training. Over-

all, all remote cognitive remediation and cognitive training studies reviewed showed a positive

effect in most of the parameters measured following the remote intervention. Specifically, sig-

nificant cognitive improvements were found for individuals with MS [24, 51], chronic fatigue

syndrome [59], 22q11 Deletion Syndrome [44], schizophrenia [40–42, 61], HIV [56], TBI [50],

acquired brain injury [58], and AD [27]. Areas of cognition that were improved following

these interventions include, but are not limited to, global cognition (n = 9/24) [24, 27, 43, 45,

49, 51, 52, 57, 61], processing speed (n = 3/24) [55, 56, 59], working memory (n = 3/24) [28,

50, 59], visual recognition (n = 1/24) [50], verbal memory (n = 2/24) [52, 57], word fluency

(n = 3/24) [27, 28, 50], and executive functioning skills (n = 5/24) [28, 52, 53, 57, 59]. Only one

study did not find improvements in cognition, however, they did find statistically significant

improvements within activities of daily living performance for stroke patients with cognitive

impairments [60]. Many studies found that improvements in areas of cognition persisted at

least 3–9 months post-intervention (n = 5/24) [27, 46, 47, 49, 57]. Improvements in cognition

were also found to be positively correlated with quality of life (n = 3/24) [48, 50, 57].

Feasibility of remote cognitive training and cognitive remediation. Most research

reported remote, home-based cognitive remediation and cognitive training programs to be

Table 3. (Continued)

Authors

(Year)

Disease N/Group

Condition

Age (SD) Design Number of

Sessions/

Period

Setting

(Individual/

Group/ Couple)

Outcome Measures Results

Shaw et al.

(2017)

Multiple

Sclerosis (MS)

and Parkinson

Disease (PD)

Study 1: 26 (MS) N/A Study 1: Open

label

Study 1: 20

min per day, 5

days a week

for two weeks

(9 session at

home)

Individual Feasibility report,

UPDRS, NSNQ,

PROMIS & PANAS

• Supports the

feasibility of

remotely

administrated

tDCS paired

with cognitive

training.

• Study was

ongoing at time

of publication.

Study 2: Double

blind randomized

sham control

study (PD arm

open label)

Study 2: 20

(MS) & 6

(PD)

Study 2 = 20

& PD = 10

Vazquez-

Campo

et al. (2016)

Schizophrenia 21 (12

intervention & 9

control);

final = analysis 19

39.28 Pre/post pilot

study

1 hour per

week for 12

weeks

Individual EP; Ekman 60 Faces

Test, ToM; Hinting

Task, Recognition of

Faux Pas, Strange

Stories of Happe,

AIHQ; Ambiguous

Intentions Hostility

Questionnaire,

MSCEIT, PANSS,

WAIS-IV & Semi-

structured interview

Significant

improvement in

EP, ToM and AS

variables.

• Only 30% took

part in the

intervention

from their

home.

Ventura

et al. (2013)

Schizophrenia Recruited 9 (8

completed study)

N/A Feasibility

study

1 hour twice

per week for 6

weeks

Individual and

relative

• MCCB composite,

-CGI-Cogs–patient,

informant (relative)

and rater version,

BQKC total score–

patient & relative

version, SCORS

social & work

functioning

Improvement in

cognition,

knowledge (about

the role of

cognition in daily

life), and

improvement in

social functioning.

https://doi.org/10.1371/journal.pone.0223029.t003
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Table 4. Specific elements of intervention using remotely-delivered cognitive remediation and cognitive training.

Authors

(Year)

Software Name Pre-Training at Lab/

Study Site

Intervention Name/CR

Program/Content

Mode of Delivery Training/Monitoring/

Support/Fidelity

Remark

Anguera

et al. (2017)

EVO by Akili

Interactive Labs

Self-guided

treatment

Cognitive training involves

a combination of

visuomotor and perceptual

discrimination tasks

iPad with internet • Research assistant

provided remote

monitoring with

support and

feedback during

training as well as

reminder phone

calls. Parent also

available for support

• EVO gives real-time

feedback and

adaptive algorithms

Highlights the benefit of

targeted attention

intervention via EVO

(both assessment &

intervention) at their own

home for children with

SPD.

Boman et al.

(2004)

N/A N/A 1-APT-training 2-

Generalization 3-Teaching

of compensatory strategies

for self-selected cognitive

problems

Computer N/A Home based cognitive

training improved

cognition and supported

the learning of strategies.

Caller et al.

(2016)

Home Based Self-

Management and

Cognitive Training

Changes lives

(HOBSCOTCH),

Nintendo DS1 & Brain

Age©program

First session in a

group format with

introduction to their

‘memory coach’

• HOBSCOTCH; Self-

efficacy principles

combined with

compensatory strategies

to optimize functioning

• Computerized memory

training

Handbook &

worksheet,

computer &

device for games

• Sessions conducted

over the phone by

epilepsy specialized

ARNP or RN trained

as ‘memory coaches’

• Device to record

completion of

exercises to allow for

compliance

monitoring

HOBSCOTCH could be a

good cognitive

remediation program

option for patients with

epilepsy who experience

transportation barriers.

Patients reported high

satisfaction rate and over

70% preferred the

‘telephone visit’

Charvet

et al. (2015)

Lumos Labs Inc.,

“TeamViewer” for

remote support and

‘‘WorkTime” software

by NesterSoft Inc. for

time tracking and

monitoring.

N/A • Adaptive cognitive

training program using

Lumosity platform

• Hoyle puzzles and board

game program for active

control

17” laptop

computer with

internet, noise

cancelling

headsets, hand-

held mice. Wifi

provided if no

internet available

Technical support,

coaching, and

monitoring of

computer use were

provided remotely by a

study technician

• High compliance rate

• Potential meaningful

benefit for person with

MS

• Able to reach

participants away from

clinic setting, and

facilitated rapid

recruitment at a much

lower cost.

Charvet

et al. (2017)

Brain HQ program

(CR training) & “Work

Time” (monitor &

record real time)

No prior training

provided

Telerehabilitation;

Adaptive Cognitive

Remediation (ACR).

17” laptop

computer with

internet,

headphones, and

a user guide

• Ongoing access to

technical support, a

monitoring software

program and

scheduled weekly

check in phone calls

by an unblinded

study technician

Telerehabilitation

approach allowed rapid

recruitment and high

compliance rate.

135 participants were

recruited within 12

months of trial.

Cody et al.

(2015)

RoadTour by POSIT

Science

Participants given

software (CD) and

written instruction

on how to install the

program.

Processing speed tasks used

a double-stair case

technique

Personal

computer

• Participants able to

call study staff for

support

• Participants kept a

log to record

training activities

Home-based

computerized cognitive

training program can be

administered remotely

among people with HIV to

improve processing speed.

Fisher et al.

(2009)

Computerized software

exercises (no name

given)

N/A Auditory training exercises Computer • Weekly call by

research staff

• Compliance

monitored through

electronic data

following each

training session

Total mean training time

was 47.9 hours (SD = 7.5).

There was no separate data

for participants who

completed remote

training.

(Continued)
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Table 4. (Continued)

Authors

(Year)

Software Name Pre-Training at Lab/

Study Site

Intervention Name/CR

Program/Content

Mode of Delivery Training/Monitoring/

Support/Fidelity

Remark

Fisher et al.

(2015)

Posit Science Coaching was

provided if

participant was

having difficulties

completing

recommended

number of hours/

week

• Computerized Auditory

Training (AT) to

improve speed and

information processing

• Control group played

commercially available

games

Loaned laptop

computer with

internet

• Coaching if

necessary

• Compliance

monitored by

electronic data

upload

• Phone contact 1–2

times a week to

discuss progress.

40 participants from each

condition completed 20–

40 hours of auditory

training and computer

games respectively.

Johnstone

et al. (2017)

Focus Pocus by

Neurocognitive

Solutions Pty Ltd.

Pre-training

demonstration with

participants & their

parent(s)

Cognitive training

combined with neuro EEG

feedback. Each session

consisted of 14 mini-games

Participant’s

computer

EEG was recorded

continuously from site

Fp1 at 256 Hz.

Technology development

supports intervention to be

deliverable at home;

Neurofeedback training

can reduce ADHD

symptoms.

Kirk et al.

(2016)

The Training Attention

and Learning Initiative

(TALI)

Initial session at

University (research

centre) and school

Computerized program

targets attention skills via

four activities e.g. fish tank

7” touch screen

tablet

• Supervision at home

by parent/guardian.

Research assistant

contacted

participants to

monitor progress

and to give technical

support

• Reward system used

High compliance rate: 34/

38 (90%) participants in

cognitive training met

compliance criteria.

Loewy et al.

(2016)

Posit Science N/A Auditory processing-based

exercises, verbal learning &

memory operations

Loaned laptop

computer

• Participants were

contacted 1–2 times

per week via phone

to monitor progress.

Phone survey

completed after 10

hours to monitor

adherence

• Coaching provided

for participants

facing difficulties in

completing task.

Point rewards

system used and

compliance

monitored by

electronic data

• CHR individuals

benefited from home-

based cognitive training.

• Hours of training = 21.5

(16.3) for both groups.

• High study attrition rate

(42%).

Mariano

et al. (2015)

Adapted from

Computerized

CogRehab system

No prior training

provided

Challenging Our Mind

(COM)

Laptop computer

with built-in

camera, internet

& Cisco WebEx

web conferencing

• CR intervention

conducted by

“Cognitive Coach”

via Web conference.

Coaches had

biweekly meetings

with PI for

monitoring. COM

sessions were

recorded & reviewed

by independent rater

• Instructional

Manual Strategies

Guide (available by

request)

• Youth with 22q11DS

successfully connected

from their own home.

• Increased service

provision in rural

settings.

(Continued)
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Table 4. (Continued)

Authors

(Year)

Software Name Pre-Training at Lab/

Study Site

Intervention Name/CR

Program/Content

Mode of Delivery Training/Monitoring/

Support/Fidelity

Remark

McBride

et al. (2017)

Online CR Training

Program by Lumos

Labs Inc.

Initially with CBT

and GET sessions

• CR combined with CBT

and GET.

• CR had 24 different

game-based tasks to

train attention, working

memory, processing

speed and executive

functioning

Personal

computer with

internet

• Program gives

automatic visual and

auditory feedback as

well as

reinforcement

regarding

performance

• Guidelines,

frequency of

sessions and breaks

within the session

were set by clinical

psychologist.

Written and

animated

instructions also

provided

Home-based cognitive

remediation training

program can be an

effective intervention for

people with CFS.

Milman

et al. (2014)

Attengo1 software

(Attenfocus1)

N/A Executive function and

attention training; games

involved problem solving,

information processing etc.

Personal

computer with

internet

The system recorded

the time spent on the

exercises using

software, and

automatically sent it to

the research team via

internet

• Computerized cognitive

training has a

therapeutic benefit for

people with PD.

• Compliance rate was

about 4 hours less than

the recommended

training time over the

12 weeks period.

Mohanty &

Gupta

(2013)

Home based cognitive

retraining program

Task selected for a

particular week was

first demonstrated,

then rehearsed by the

co-therapist (father)

Neuropsychological

remediation tasks in a

graded fashion. There was

also counselling and

psychoeducation sessions

to deal with anxiety and

help with realistic

expectation setting

N/A (likely

printed materials)

• Patient’s father as

co-therapist

• Progress review &

counselling once a

week for the first 2

months, biweekly

for the next 2

months and once a

month for the last 6

months (18 sessions

total).

Home based

neuropsychological

remediation program was

found to be therapeutic in

brain damaged patient.

Nahum et al.

(2014)

SocialVille online

program

N/A Social cognition training

intervention had 19

computerized exercises

targeting speed, accuracy

and processing of social

information

Loaned laptop

computers with

internet

• Weekly phone calls

and/or emails to

monitor training

adherence/

requirement

• Clinical staff

engaged in solution-

focused

conversations

• High adherence to

online social cognition

training.

• Reported medium to

high satisfaction,

enjoyment, and ease of

use.

Pyun et al.

(2009)

Individualized

cognitive remediation

with structured

educational materials

Patient and their

caregiver received a

printed sheet of

instructions and

patient-

recommended

strategies with

explanations

• Training material

consisted of multi-level

tasks to enhance

attention, memory and

executive function

• Content included CR,

storytelling, recreational

cognitive games, and

aerobic exercise

• Printed

material

• Checklist for

caregivers to

evaluate the patients’

performance daily

• Weekly meeting

with occupational

therapist to answer

questions, problems,

monitoring on

performance and

progress rate.

Program adjusted if

needed.

Individualized home

program found to be

beneficial for chronic

stroke patients with

cognitive impairment.

(Continued)
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feasible, useful and well accepted for people with MS [24, 51], schizophrenia [54, 61], epilepsy

[48], and those with brain damage [50, 58]. Participants indicated that the training was benefi-

cial, convenient [48], and enjoyable [48, 54], and supported the benefit of remote CR using

spousal caregivers for people with dementia [28]. Only one study noted that some participants

felt the cognitive training instructions were confusing [56].

Table 4. (Continued)

Authors

(Year)

Software Name Pre-Training at Lab/

Study Site

Intervention Name/CR

Program/Content

Mode of Delivery Training/Monitoring/

Support/Fidelity

Remark

Quayhagen

et al. (1995)

Active cognitive

stimulation material

Caregiver and patient

trained in program.

Return

demonstrations by

caregivers were

required to validate

training.

An instruction workbook

for families with 12

modules to stimulate

memory, problem solving

and social interaction.

Printed

workbook/

worksheets

Caregiver gave positive

feedback, completed a

weekly log book on

progress, problems &

successes.

This study supports the

implementation of

cognitive training at home

among people with

dementia.

Quayhagen

et al. (2001)

Active cognitive

stimulation material

(Quayhagen &

Quayhagen, 1989)

Caregiver learned

from research team

by observation and

modelling

Materials to stimulate

memory, fluency, and

problem solving activities.

Printed materials • Caregiver

• Research team

provided 1 hour of

weekly instruction

to the patient at

home.

Active involvement of

spousal caregivers was

beneficial in implementing

cognitive remediation at

home for persons with

dementia.

Rajeswaran

et al. (2017)

N/A Visited hospital once

a week

Cognitive retraining

program by Hegde et al.

(2008) plus a family

intervention

N/A N/A • Patient also received

EEG NFT for 40min/20

sessions.

• Patient and mother

reported improvement.

Regan et al.

(2017)

N/A No MAXCOG Experienced

counsellor at

home

Counsellor and

primary caregiver

MAXCOM is a brief but

effective cognitive

intervention.

Shaw et al.

(2017)

Brain HQ (CR) &

Team Viewer (real time

monitoring)

First session involved

training for

participants at the

clinic

Cognitive training targeted

working memory,

attention, processing speed

etc.

Computer with

remote desktop

software

• Computers enabled

for real-time

monitoring and

remote control by

study staff

• Researcher

monitored via

Video-conferencing

High compliance rate and

a successful protocol

developed for remote

tDCS + cognitive training

self-administration.

Vazquez-

Campo et al.

(2016)

e-Motional Training

(ET)

N/A ET Training modules on

emotional perception and a

short animated cartoon

Computer and

Internet

• Researcher

monitored the

patients’ progress

and resolved

questions regarding

computer and

software

• Automatic

metacognitive

feedback with

strategies

• Supports the feasibility

of an online

intervention to improve

social cognition.

• Most participants found

ET to be easy,

entertaining and useful.

Ventura

et al. (2013)

Posit Science Each person with

schizophrenia and

their relative received

2 hours of in-office

training on

PositScience

Internet-based brain fitness

program; targets critical

cognitive functions using

auditory discrimination

tasks

Personal

computer and

internet

• Relative played an

active role in

software installation,

planning,

monitoring &

emotional support

for patient

• Regular phone

contact with

research team

• 80% adherence to

cognitive training at

home.

• Supports feasibility

using home-based

cognitive training for

people with

Schizophrenia.

https://doi.org/10.1371/journal.pone.0223029.t004

Remote tDCS and cognitive remediation

PLOS ONE | https://doi.org/10.1371/journal.pone.0223029 February 24, 2020 20 / 27

https://doi.org/10.1371/journal.pone.0223029.t004
https://doi.org/10.1371/journal.pone.0223029


Discussion

The current literature suggests that both remotely administered tDCS and CR are feasible and

possibly effective in targeting a number of cognitive functions in various patient populations.

Proper training in equipment use and regular monitoring of procedures appear crucial for

study compliance and feasibility. However, the field still needs to identify what components of

both CR and tDCS administration are needed to be implemented in studying AD population

or populations at risk for developing AD, e.g. patients with MCI.

tDCS

Based on the literature reviewed, the recommendations for future trials targeting cognitive

decline in the AD population would include ensuring proper training and regular monitoring.

This means dedicating adequate training time at the initial clinic visit or arranging in-home

training in order to ensure hands-on coaching around tDCS application and proper use of the

device. Explanation and demonstration of troubleshooting techniques could be helpful to

include as part of the training procedure, including rectification techniques to manage pain

and discomfort.

Considering the potential difficulty in tDCS self-administration with a predominantly

elderly population, machine safety features and a customized headset could be useful. If a

headset is not used, study partners or proxies can be utilized for tDCS application, with an

anode and cathode that are clearly distinguishable to avoid interchangeability.

Video-monitoring as well as online and in-person check-ins could be beneficial ways for

ensuring fidelity monitoring for a protocol targeting cognitive decline in the AD population. It

is recommended that participants in future studies be overseen once every week, or every two

weeks, through video conferencing or home visits by study staff. If tDCS stimulation is com-

bined with an online cognitive training program, monitoring could also include remote con-

trol software. In addition, it is recommended that participants keep a log of sessions

completed, either digitally or manually, in order to ensure protocol adherence.

The effectiveness of tDCS was dose-dependent, where more sessions (20 vs 10) and an

increase in current (2.0mA vs 1.5mA) resulted in a greater reduction in fatigue [33, 35]. This

suggests that longer treatment periods and higher stimulation intensity are of greater benefit

where at least 20 tDCS sessions with a current no lower than 2.0mA [24–26, 62] may be opti-

mal. Future trials might want to consider these settings to ensure maximum benefit.

Cognitive remediation

Ease of use may be a necessary factor to take into account for future trials in the AD popula-

tion. Considering these patients already suffer from some cognitive decline and may be less

experienced with computer software, a simpler computer program preinstalled by study staff

and a longer training period might be preferred for tolerability. Additionally, having study

staff engage in regular monitoring (i.e. regular phone calls, home visits or video conferencing)

and using programs that ensure optimal cognitive challenge appear to be important compo-

nents to consider for effectiveness and adherence.

Future trials may also want to consider utilizing exercises that target cognitive domains typ-

ically affected by AD related cognitive decline, such as memory, executive function, processing

speed, attention, as well as reasoning and problem solving.

Moreover, continuously challenging cognition by finding an individualized optimal level of

difficulty within the CR program used is an important aspect to consider for future trials tar-

geting AD related cognitive decline. With the exception of four studies [29, 48, 54, 58], all

research reviewed had cognitive exercises that adapted in difficulty level based on the
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participant’s performance. This self-adjusting feature may promote continued participant

engagement and eliminate frustration brought about by seemingly unachievable difficulty

parameters within the exercises.

Strategy contemplation [44, 48, 58] and cognitive transfer [28, 48, 58, 60] are also important

components to consider within the study design, whereby participants are asked to identify

skills and strategies utilized in the exercises and apply them to real-world situations. This addi-

tion encourages cognitive activation and the utilization of adaptive problem-solving strategies

in daily scenarios. To further cognitive transfer, some CR interventions encourage participants

to seek out cognitively challenging activities in everyday life, and engage in activities that are

cognitively stimulating outside of the program, however, this was not clearly visible in any of

the studies reviewed. These add-on techniques could be particularly helpful in slowing cogni-

tive decline and facilitating improvement in every day functioning and daily living within the

AD population.

Limitations

A major limitation of this systematic review is that out of 39 studies reviewed, only four pre-

sented AD as the disease targeted. More specifically, within the cluster of at-home tDCS litera-

ture reviewed, only one case study used the intervention as a means to slow cognitive decline

in an individual with early onset AD [30]. Similarly, within the group of at-home CR articles

reviewed, one RCT targeted patients with AD [28], and one targeted individuals with Mild

Cognitive Impairment (MCI) and AD [29]. A third article targeting AD utilized cognitive

training rather than cognitive remediation [27]. This makes it difficult to make inferences and

recommendations based on population specific difficulties encountered in past studies that

could be improved upon in future studies.

Only six studies utilized discussion guided cognitive remediation (rather than cognitive

training) as the observed intervention, with aspects of strategy awareness [61] and discussion

[29, 44, 48, 58] visible in five out of six CR studies reviewed, and the addition of cognitive

transfer visible in 4 out of 6 [28, 48, 58, 60]. As a result, it is difficult to evaluate the effective-

ness and value of these add-on techniques within a trial targeting patients at-risk for develop-

ing AD. Furthermore, as different cognitive measures were used in each of the studies, it is

difficult to determine if one method was more effective over another.

Conclusions

With millions of individuals being diagnosed with AD worldwide each year, and the accompa-

nying maladaptive neuroplastic changes leading to worsening cognition, CR and tDCS are

promising preventive interventions and treatments that can target individuals on a population

level. Both CR and tDCS are effective interventions for improving cognition [6, 13–16, 18–21]

and have the benefit of being portable.

CR enhances frontal lobe activation and neuroplasticity [63] and it has been shown to

improve cognition in depression [6, 13, 64]. CR’s effectiveness relates to its inclusion of perfor-

mance adapting software as well as strategy-based learning and bridging discussions, which

typically occur in a group environment. However, with current technological advances, these

components of CR can be achieved remotely.

tDCS modulates neuronal activity and enhances neuroplasticity [4,11] and has been shown

to improve cognition in mild AD [14–16]. In other studies, participants must be present at a

treatment centre in order to receive CR, tDCS or both from trained study staff. However, this

can be costly and laborious for participants, and has the potential of being unfeasible for indi-

viduals with restricted mobility, vocational obligations, and lengthy travel times.
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Future research may like to further consider additional measures that were not fully

assessed throughout the literature examined, such as baseline ratings of reward (which may be

positively associated with cognitive gains) and inclusion of a partner or caregiver. Investigating

the feasibility of remotely delivering these interventions with other cohorts, such as individuals

with mild AD, or those at risk of developing AD, who could benefit from at-home tDCS, CR

or both would also be important considerations for prospective trials.
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