1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2024
January 29.

Published in final edited form as:
Biol Psychiatry Cogn Neurosci Neuroimaging. 2023 February ; 8(2): 151-161. doi:10.1016/
j-bpsc.2022.09.014.

Combined Cognitive Training and Transcranial Direct Current
Stimulation in Neuropsychiatric Disorders: A Systematic Review
and Meta-Analysis

-, HHS Public Access
«

Cynthia Z. Burton@, Emily O. Garnett?, Emily Capellari®, Soo-Eun Chang?, Ivy F. Tso?,
Benjamin M. Hampstead®®, Stephan F. Taylor2

aUniversity of Michigan Department of Psychiatry, 4250 Plymouth Road, Ann Arbor Ml 48109,
USA

bUniversity of Michigan Taubman Health Sciences Library, 1135 Catherine Street, Ann Arbor Ml
48109, USA

€U.S. Department of Veterans Affairs, VA Ann Arbor Healthcare System, 2215 Fuller Road, Ann
Arbor M1 48105, USA

Abstract

Background.—Treatments for cognitive dysfunction in neuropsychiatric conditions are urgently
needed. Cognitive training and transcranial direct current stimulation (tDCS) hold promise, and
there is growing interest in combined or multi-modal treatments though studies to date have small
samples and inconsistent results.

Methods.—A systematic review and meta-analysis was completed. Retained studies included
cognitive training combined with active or sham tDCS in a neuropsychiatric population and
reported a post-treatment cognitive outcome. Meta-analyses included effect sizes comparing
cognitive training + active tDCS and cognitive training + sham tDCS in five cognitive domains.
Risk of bias in included studies and across studies were explored.

Results.—Fifteen studies were included; ten in neurodegenerative disorders and five in
psychiatric disorders (n=629). There were several tDCS montages though two-thirds of studies
placed the anode over left dorsolateral prefrontal cortex. A wide variety of cognitive training
types and outcome measures were reported. There was a small, statistically significant effect
of combined treatment on measures of attention/working memory, as well as small and non-
statistically significant effects favoring combined treatment on global cognition and language.

Corresponding author: Cynthia Z. Burton, czburton@med.umich.edu, 1-734-615-9821, Neuropsychology Section, 2101
Commonwealth Blvd, Suite C, Ann Arbor, MI 48105, USA.

Disclosures and Conflict of Interest:

Dr. Burton reported no biomedical financial interests or potential conflicts of interest. Dr. Garnett reported no biomedical financial
interests or potential conflicts of interest. Ms. Capellari reported no biomedical financial interests or potential conflicts of interest. Dr.
Chang reported no biomedical financial interests or potential conflicts of interest. Dr. Tso reported no biomedical financial interests

or potential conflicts of interest. Dr. Hampstead reports research funding from the Department of Veterans Affairs, the Department

of Defense, and the National Institutes of Health; he has received honoraria for research lectures and professional services from
Wayne State University, the International Neuropsychological Society, Pennsylvania State University, and the Great Valley Publication
Company. Dr. Taylor reports funding from Boehringer-Ingelheim.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Burton et al. Page 2

There was no evidence of bias in individual studies, but some evidence of non-reporting or
small-study bias across studies.

Conclusions.—These results may provide preliminary support for the efficacy of combined
cognitive training and tDCS on measures of attention/working memory. More data are needed,
particularly via studies that explicitly align the cognitive ability of interest, stimulation target,

training type, and outcome measures.
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Introduction

Cognitive impairment is a major characteristic of many neuropsychiatric disorders,
interfering with diverse aspects of daily functioning and contributing to chronic disability
(e.g., 1-3). While pharmacological agents have shown minimal benefit in improving
cognition to date (e.g., 4,5), non-pharmacological or behavioral interventions have been
developed and tested in neuropsychiatric disorders (e.g., mild cognitive impairment

and dementia, Parkinson’s disease, schizophrenia, major depression, among others).
Theoretically, such interventions capitalize on neuroplastic change though the distinct
approach varies. Some focus on “drill and practice” or rehearsal-based cognitive exercises
(e.g., 6,7), some emphasize internal compensatory approaches or mnemonic strategies that
may strengthen neural networks (e.g., 8), some feature external compensatory aids and
environmental modifications as ‘work-arounds’ for everyday cognitive difficulties (e.g., 9),
and many incorporate multiple approaches (for comprehensive reviews see 10-17). The
empirical evidence base for these treatments is promising but modest, with effect sizes in the
small to medium range on cognitive outcome variables and uncertainty regarding durability
and generalization (7,9,16,18,19).

Given these modest effects, recent work has augmented cognitive training with an add-on
treatment using transcranial direct current stimulation (tDCS), a cost effective, safe, and
easy to administer technology (20,21). An exhaustive review of tDCS is outside the scope

of this paper (see for example, 22-26); briefly, laboratory studies show that the transcranial
application of weak electrical currents induces intracerebral current flow sufficient to alter
neuronal activity and behavior (24; but see also 27). Particularly relevant for cognitive
training, tDCS has been shown to modulate cortical excitability in electrophysiological
studies, and there is some indication that tDCS can improve a variety of cognitive functions
in both healthy participants and those with neuropsychiatric conditions (28-31). One recent
expert review of the therapeutic efficacy of tDCS in neurological and psychiatric disorders
concluded that tDCS may be effective for depression, Parkinson’s disease, epilepsy,

and schizophrenia, among others (32; but see also 33) The evidence in mild cognitive
impairment and dementia of the Alzheimer’s type is more mixed (28,34-38). Although tDCS
may be a viable treatment for cognitive dysfunction, much work remains given small sample
sizes and heterogeneity in populations, stimulation parameters, and outcomes of interest.
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Given the need for robust treatments for cognitive dysfunction in neuropsychiatric
conditions, there is growing interest in whether combined or multi-modal treatments can
enhance benefit through additive or synergistic effects. Toward this end, a recent literature
describing the combination of tDCS with cognitive training has emerged, though samples
are small and power is limited. We therefore completed a systematic review and meta-
analysis to provide a preliminary snapshot of the field. Specifically, the key comparison of
interest was cognitive training plus active tDCS versus cognitive training plus sham tDCS
among those with well-described cognitive impairments (e.g., schizophrenia, depression,
mild cognitive impairment, dementia). To reduce heterogeneity in our sample, we elected to
exclude neuropsychiatric syndromes with focal lesions, such as stroke and traumatic brain
injury.

Methods and Materials

This review and meta-analysis was conducted in accordance with the Preferred Reporting
for Systematic Reviews and Meta-Analyses (PRISMA) statement (39,40). Detailed
eligibility criteria are outlined in the supplement.

Search Strategy and Study Selection

Search and selection procedures are fully described in the supplementary materials.

Briefly, Ovid Medline, PsycINFO, Scopus, CINAHL, and Cochrane Central databases
were systematically searched, and retained studies (1) were primary research, (2) included
human participants, (3) focused on a ‘neuropsychiatric’ population with primary psychiatric
disorders or neurodegenerative conditions (based on clinical phenotype with or without
biomarker/pathology confirmation), (4) administered a combined intervention that included
both tDCS and cognitive training, and (5) were published in English.

Data Extraction and Items

Data were extracted by the lead author, in consultation with co-authors to arrive at consensus
nominations for principal data items. These included cognitive outcomes measured at post-
treatment for both intervention and sham-control groups. If the data needed to compute an
effect size were not reported in the published text, the corresponding authors were contacted
and invited to provide their data directly to the lead author; three were requested and all
were received.

Statistical Analysis

The Cochrane Risk of Bias tool for randomized (n=13) and crossover (n=2) studies
evaluated risk of bias in individual studies (42). See supplementary materials for details.
Effect sizes were calculated using Review Manager 5.4 (43) from means and standard
deviations for each outcome variable; for all analyses, comparison groups included those
who received cognitive training with active brain stimulation and those who received
cognitive training with sham stimulation. Standard guidelines were used to interpret the
magnitude of effect, where an effect size of 0.20 represents a small effect, 0.50 represents a
medium effect, and 0.80 represents a large effect (44). The standardized difference in means
was used as the effect size; for the current analyses, a positive effect size (greater than 0)
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favored the active stimulation condition. The 95% confidence intervals are also presented.
The meta-analysis was also conducted using Review Manager 5.4, with a random effects
model applied given anticipated heterogeneity among the study effect sizes. Heterogeneity
was evaluated using the chi-square heterogeneity statistic 12 and by manual inspection

of forest plots. Following Cochrane procedures, the following interpretive guidelines for
heterogeneity as indexed by 12 were applied: 0%-40% might not be important, 30%-60%
may represent moderate heterogeneity, 50%-90% may represent substantial heterogeneity,
and 75%-100% represented considerable heterogeneity (45). For evidence of between-study
heterogeneity (12 = 30), fixed-effect and random-effects estimates were compared for
similarity (indicating that small-study effects likely had little effect on the intervention
effect estimate) or dissimilarity (perhaps suggesting that the results of smaller studies were
disseminated selectively) (46).

Risk of Bias across Studies

Results

The extent of missing results was explored via visual inspection of funnel plots, where the
effect estimates were plotted on the horizontal axis against the standard error of the effect
estimate on the vertical axis. Although this method is vulnerable to subjectivity, particularly
with few studies, there was an insufficient number of studies in each meta-analysis to use
statistical tests for funnel plot asymmetry (e.g., Egger test).

Search Results

The search strategies retrieved a total of 4,157 results and after removing duplicates

2,739 records remained for screening. At the title and abstract level 2,514 records were
excluded and 225 were advanced for full text review. The PRISMA flow diagram (Figure 1)
documents the exclusion rationale for the 210 articles excluded during full text review. The
study selection process yielded 15 studies that met the inclusion criteria.

Study Characteristics

Details of the 15 included studies are summarized in Table 1. Briefly, ten of the

studies involved primary neurodegenerative disorders (47-56), and five included primary
psychiatric disorders (57-61). Twelve studies used a design including cognitive training with
randomization to active or sham tDCS (of which two were crossover studies with at least
two months between tDCS conditions), and three included additional treatment comparison
groups (e.g., tDCS alone or tDCS with “control’ training). tDCS was most often delivered
to left dorsolateral prefrontal cortex (F3 according to the international 10-20 EEG system)
at 2mA (range 1mA - 2mA) for 20 minutes (range 20 minutes — 30 minutes ). Sham tDCS
typically included brief ramp up and ramp down time to mimic active stimulation, and
ranged from 30 seconds to 2 minutes total. The number of tDCS sessions varied widely
from 2 to 28, mostly over 2-4 weeks and up to 14 weeks. Most studies used computerized
cognitive training administered concurrently with tDCS and specified outcome variables
distinct from but in the same domain as training tasks, though there was a wide array of
training programs and neuropsychological outcome measures.
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Risk of Bias within Studies

Overall, the 15 individual studies consistently yielded low risk of bias. Most reports
described adequate randomization/allocation procedures, participant and rater blinding, and
appropriate outcome measurement.

Risk of Bias due to Missing Results

Though limited by the small number of included studies, visual inspection of the funnel
plots suggested asymmetry across outcomes (Supplemental Figure 1). In particular, for
global cognition, attention/working memory, and language, data points were missing from
the lower left quadrants where studies with larger standard error (i.e., smaller samples)
and negative results would appear. For episodic memory and executive functioning, the
funnel plots showed missing data points in the lower right quadrants, suggesting instead

a lack of studies with small samples and positive results. This asymmetry indicates some
evidence of non-reporting bias, but may also reflect broader “small-study effects” where
intervention effects in smaller studies differ from those estimated in larger studies due to
lower methodological quality, true heterogeneity, statistical artifact, and/or chance (46).

Meta-analytic Results

Given the range of outcome variables reported in the reviewed studies, we elected to group
outcomes by cognitive domain and conduct separate meta-analyses for any domain with at
least three sources of data. Domains considered included “‘global’ cognition (e.g., a broad
cognitive screening instrument or summary score derived from a standardized battery),
processing speed, attention/working memory, episodic memory, executive functioning,
language, and visuospatial functioning. Processing speed and visuospatial variables were
reported in only two studies each and were excluded from further analyses. Domains and
variables for each study are included in Table 2. Because there were insufficient numbers of
studies to separately analyze primary psychiatric and primary neurodegenerative disorders,
they were combined. The domain of attention/working memory included five studies in
each, so these were analyzed together and then separately, in an exploratory subgroup
analysis.

‘Global’ cognition (5 studies; n=202).

Study characteristics.: Four of the five studies with a measure of global cognition were
in neurodegenerative disorders and one was in schizophrenia. The majority had the anode
placed at F3 and the cathode at right supraorbital, and included general computerized
cognitive training.

Analyses.: The effect for active versus sham tDCS combined with cognitive training
on global/screening measures of cognition just missed the 0.05 threshold for statistical
significance (SMD=0.26; 95%CI -0.02, 0.54; z=1.85; p=0.06; Figure 2A).
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Attention/working memory (10 studies; n=407).

Study characteristics.: Five studies were in neurodegenerative disorders and five were in
psychiatric disorders. Seven of the 10 had the anode placed at F3 and cathode contralaterally
(F4, F8, Fp2, right supraorbital). Seven studies included targeted working memory training.

Analyses.: There was a statistically significant effect favoring the combined intervention on
measures of attention/working memory for all studies combined (SMD=0.26; 95%CI 0.06,
0.47; z=2.57; p=0.01; Figure 2B). Exploratory subgroup analysis revealed a statistically
significant effect favoring active versus sham tDCS for primary psychiatric disorders

alone (n=151; SMD=0.53; 95%CI 0.20, 0.85; z=3.14; p=0.002), but not neurodegenerative
disorders (n=248; SMD=0.10; 95%CI —0.14, 0.35; z=0.83; p=0.41).

Episodic memory (8 studies; n=361).

Study characteristics.: Seven studies were in neurodegenerative disorders and one was in
a psychiatric disorder. Half had the anode placed at F3, with one extracephalic cathode
placement (right deltoid), two right supraorbital, and the other F8. Three included targeted
memory training (e.g., face-name association memory, object-location memory).

Analyses.: There was no statistically significant effect of the combined intervention on
measures of episodic memory (SMD=-0.19; 95%CI -0.64, 0.26; z=0.84; p=0.40; Figure
2C).

Executive functioning (6 studies; n=258).

Study characteristics.: Five studies were in neurodegenerative disorders and one was in a
psychiatric disorder. Three included the anode at F3, with one cathode on right deltoid, one
right supraorbital, and one Fp2. Three training types were targeted (memory and working
memory) and three were more general.

Analyses.: There was no statistically significant effect of cognitive training combined with
active versus sham tDCS on measures of executive functioning (SMD=-0.57, 95%Cl -1.21,
0.07; z=1.74; p=0.08; Figure 2D).

Language (6 studies; n=232).

Study characteristics.: All six studies were in neurodegenerative disorders. Four studies
had anode placed at F3, with cathode on right deltoid, right arm, or right supraorbital. Two
included targeted language (haming) training.

Analyses.: There was no statistically significant effect of the combined intervention on
measures of language (SMD=0.16; 95%CI -0.11, 0.42; z=1.17; p=0.24; Figure 2E).

Omnibus analysis (all measures, all studies).—To examine the overall effect of
active versus sham stimulation, the effect sizes for each outcome variable in a study
were averaged to ‘collapse’ across cognitive domains and entered into an omnibus meta-
analysis. The resulting effect size was small and not statistically significant (SMD=0.17;
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95%Cl -0.11, 0.45; z=1.21; p=0.23; Supplemental Figure 2), with evidence of substantial
heterogeneity (12=52%).

Heterogeneity was not statistically significant and quite low for global cognition (12=0%),
attention/working memory (12=3%), and language (12=1%), but was statistically significant
and in the substantial to considerable range for episodic memory (12=73%) and executive
functioning (12=78%). However, the fixed-effect results were similar to the random-effects
results for both episodic memory (fixed effect SMD=-0.02; 95%CI -0.24, 0.19; z=0.22;
£~=0.82) and executive functioning (fixed effect SMD=-0.19, 95%CI -0.45, 0.06; z=1.50;
p=0.13), suggesting that small-study effects probably had little effect on the intervention
effect estimate.

Discussion

Summary of Evidence

Overall, these findings provide preliminary support for the effect of cognitive training and
active tDCS on measures of attention and working memory at post-treatment, where there
was a small but statistically significant effect favoring the combined intervention. For tasks
of global cognition and language, as well as the overall effect collapsing across cognitive
domains, the small effect sizes were in the direction favoring active stimulation though
they did not reach statistical significance. There were also non-significant effects favoring
cognitive training and sham stimulation on measures of episodic memory and executive
functioning, with evidence of substantial heterogeneity between studies. These effect sizes
(ES) are on the lower end yet generally within the ranges of those found in prior studies

of cognitive training (ES 0.20-0.47, with most in the 0.4 range) (7,9,16,18,19) and tDCS

in clinical populations (ES 0.20-1.20, with most in the 0.3 to 0.4 range) (29,32,34,36-38).
Interestingly, they are also modestly lower yet broadly in line with a number of common
treatments in general medicine and psychiatry (e.g., statins and aspirin for prevention of
major vascular events, medications for schizophrenia, major depression, and Alzheimer’s
disease) (62), though it is certainly premature to speculate about the clinical significance of
these findings.

Considering that two-thirds of included studies administered stimulation with the anode
placed over left dorsolateral prefrontal cortex (DLPFC) (e.g., F3, Brodmann area 8/9)

-- an area often implicated in working memory — these results provide some evidence

of functional specificity of these anatomical regions. Though speculative, there could be
greater expectation of a benefit of tDCS targeting left DLPFC on tasks of attention/working
memory, rather than other cognitive abilities like language or episodic memory that are not
strongly mediated by these regions.

Considerations and limitations of included data

Disease types and baseline cognition/symptom severity.—Though this review
and meta-analysis was deliberately intended to survey studies in individuals with
neuropsychiatric disorders with cognitive impairments, there is of course heterogeneity
among these disease types. With the exception of attention/working memory, there
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were not enough included studies to separately analyze cognitive outcomes for primary
neurodegenerative disorders and primary psychiatric disorders. It could be the case that
people with neurodegenerative disorders do not benefit from combination therapy for
attention/working memory, but we would not make this conclusion from our data with the
small number of studies available for analysis and the extent of the variation in electrode
placement, training type, and outcome measurement. It remains an empirical question,
therefore, for whom cogpnitive training combined with tDCS is most effective and why.

Another source of sample heterogeneity is in baseline cognitive ability. Although all of these
neuropsychiatric conditions are strongly associated with impaired cognition, and in many
cases the diagnostic criteria for study entry involved cognitive impairment by definition,

the degree of deficit prior to treatment was not pre-defined or well characterized in the
individual studies. Accordingly, there could have been participants with very little room

for cognitive improvement before even receiving treatment, which could have suppressed a
treatment effect. Similarly, severity of other baseline symptoms like depression or psychosis
could have directly or indirectly (via interaction with cognitive functioning, for example)
affected treatment outcomes.

Types of training.—In addition, the wide range of cognitive training types introduces a
major source of heterogeneity in the data and may obscure the findings. An outstanding
question is whether tDCS may be more likely to benefit rehearsal-based interventions that
recruit a narrower range of brain functions, versus targeted internal compensatory strategy
training, versus broader external strategy training, which each require successively larger
domains of cognitive functioning.

Stimulation parameters.—The range of stimulation strength was restricted and did not
exceed 2mA in any studies. While these parameters are commonly accepted in research
samples, they are largely based on presumed safety considerations rather than scientific
rationale or established evidence (e.g., 63). However, there is neither safety (21) nor
tolerability data to suggest that higher scalp-based amplitudes are problematic. For example,
high-definition tDCS was well-tolerated and safe in older adults at 3mA (64). Similarly,

all of the included studies used conventional pad-based tDCS with large electrodes (e.g.,
35cm?2) where the current delivery is diffuse (65,66) and may penetrate poorly to intended
brain regions due to a variety of underlying anatomy/tissue factors (low conductivity of skull
bone and surrounding tissue, cortical morphology, hair thickness, sweat) (67,68). Two of the
included studies mentioned some kind of neuro-navigation assistance to identify the target
anatomical area: one described an “infrared-guided neuro-navigation system” (48) and the
other used the participant’s MRI and a TMS neural-navigation device via the Brainsight
software package (56). Otherwise researchers relied on traditional standardized methods

of head measurement to determine electrode placement. It is therefore difficult to confirm
whether the intended target was the actual target and whether there was alignment between
the cerebral target, cognitive domain, and cognitive training paradigm. Moreover, although
the pattern of delivered current between the large pads is the active ingredient, there were

a number of different montages and cathode placements, which strongly influence the
electrical fields applied. Similarly the inhibitory/excitatory effects of most configurations
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are not well understood, as they do not readily correspond to the notion that “anodal”
stimulation is always excitatory and “cathodal” stimulation is always inhibitory (69). Indeed,
cathodal tDCS has been shown to have nonlinear modulatory effects depending on scalp-
based intensity and duration (70), which accordingly could facilitate, impede, or have no
effect on the desired outcome. Finally, whether there is any relationship between tDCS
timing (before, during, or after training) or ‘dose’ (e.g., frequency, intensity, duration,

total number of sessions) and cognitive outcomes is not well understood, and represent
important factors to consider in future work. These limitations in stimulation type and
intensity may lead to false-negative errors, where there may be a ‘true’ effect of active
stimulation but greater intensity and/or more focal delivery is necessary to reveal it. In more
recent work, focality has been improved with high definition electrodes (71,72), which may
reveal greater between-group differences on cognitive outcomes in future studies, though
there are complex relationships between area of stimulation, focality, and intensity in both
conventional and high-definition approaches that remain under investigation.

Outcome measures.—There was a wide variety of outcome measures in the included
studies. This is an ongoing challenge for the field, as there is little consensus or
standardization in cognitive measurement, which leads to difficulty comparing effects across
studies. This may be especially true for arguably ‘broader’ domains of cognition like
executive functioning, memory, or language, where there may be a number of interrelated
yet theoretically distinct sub-functions of interest (e.g., abstract reasoning, novel problem-
solving, set-shifting, and response inhibition are all commonly considered under the term
executive functioning). Indeed, the current meta-analyses indicated significant heterogeneity
for executive functioning and episodic memory, which may have undermined the ability to
show effects.

Study design.—Although all included studies reported comparisons between participants
who received active or sham tDCS in addition to cognitive training, only two publications
included an active tDCS group without cognitive training in the study design. Unfortunately,
this precludes analysis of synergistic effects, or whether a combined intervention is

more efficacious than either one alone. This is particularly important as the field moves
toward multi-modal interventions and increasingly personalized medicine, where treatment
decision-making is guided by the incremental benefit of two or more treatments rather than
simply a ‘mash-up’ of interventions that may or may not work well together.

Additionally, most studies had no clear description or unification of the pathway from the
cognitive construct of interest to the stimulation target/montage, to the cognitive training
type, to the primary outcome measure. In many cases, a broad neuropsychological battery
was included with no specific hypotheses about what was expected to change versus what
wasn’t. This misalignment between intervention and outcome limits the interpretability of
findings, as these results may provide discriminant validity for a combined intervention (i.e.,
an effect on attention/working memory when most studies ‘targeted’ left DLPFC), but they
do not demonstrate a lack of efficacy because the domain was often out of alignment with
the intervention method and target.

Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2024 January 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Burton et al.

Page 10

Transfer and real-world functioning.—As an initial step, it is clearly important to show
the effect of tDCS on a training task itself to demonstrate proof-of-concept. Ultimately,
however, for these to become viable treatments there needs to be evidence of benefit on
increasingly distal outcomes, including perhaps more ecologically valid cognitive tasks

but most importantly to real-world functioning. Many studies included cognitive outcome
measures other than trained tasks, enabling some understanding of transfer, but only

four included quality of life questionnaires and only two included measures of everyday
functioning.

Considerations and limitations of this meta-analysis

This meta-analysis has several limitations. For example, although there was consensus
among the study team regarding outcome cognitive domains and assignment of variables
to those domains, this remains a source of some judgment and subjectivity. As mentioned,
there are cognitive domains that are understood to encapsulate a number of subcomponent
skills (borrowing the earlier example of executive functioning, for instance), though these
are not universally agreed upon and the presumed divisions between cognitive domains are
arbitrary. We acknowledge that the way we grouped outcomes and variables is predicated
on these ambiguous distinctions, and while suitable it is an imperfect approach. We also
examined post-treatment performance only, which does not allow for the possibility of
consolidation of treatment gains over time; future analyses should consider follow-up data
to better evaluate durability of treatment gains, loss of treatment gains, or late emergence
of treatment benefit. There were also few studies overall of combined cognitive training
and tDCS interventions in neuropsychiatric samples, highlighting the preliminary nature of
these findings and the anticipated growth in publications in the coming years. Finally, given
these limited data and some evidence of heterogeneity, it is premature to make conclusions
about the efficacy of these combined interventions in domains other than attention/working
memory.

Unanswered questions and topics for future research

Following from the considerations above, there are a number of remaining questions

and future directions for this work. Future research may benefit from more systematic
evaluation of the dose-response relationship between stimulation strength and outcome, use
of more focal stimulation techniques (e.g., high-definition or HD-tDCS), and 2x2 factorial
designs where possible so that some participants receive one treatment or the other, some
receive both, and some receive neither. In addition, “futility designs’ or alternative statistical
methods where the null rather than the alternative hypothesis assumes a benefit of treatment
compared to control may be an appealing option; rather than demonstrating efficacy, the
futility design identifies treatments that do not warrant further investigation in superiority
trials (73). There is also ongoing debate about the optimal timing or sequencing of
‘combined’ interventions, and whether they should be done fully concurrently, overlapping
at the beginning, at the end, or not at all. Future research will benefit from systematically
investigating these timing considerations to enhance benefit.
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This meta-analysis provides a preliminary snapshot of a rapidly growing field; the present
findings broadly support the use of active tDCS during cognitive training to improve
attention/working memory among individuals with neuropsychiatric disorders. Although
based on these results there is insufficient evidence to conclude whether or not a combined
intervention improves cognitive abilities in other domains or clinical populations, there
are abundant opportunities to align methodologies and outcomes to advance scientific
understanding and deploy effective treatments in clinical settings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Cotelli et al (46) 9633 6.7 8 8663 867 8  58% 1.18[0.10, 2.27] 2014 —
Biundo et al (47) 156 984 12 -046 682 12 10.7% 0.13[-0.93, 0.68] 2015 —
Roncero et al (55) 483 13.22 10 395 17.92 10  86% 0.54 [-0.36, 1.43] 2017 T
Manenti et al (54) 40.5 7 11 397 102 1" 9.8% 0.09 [-0.75,0.92] 2018 -1
Lu etal (52) 39.67 10.79 66 38.53 11.12 60 54.3% 0.10 [-0.25, 0.45] 2019
Total (95% CI) 119 113 100.0% 0.16 [-0.11, 0.42]

0

Test for overall effect: Z = 1.17 (P = 0.24)

Figure 2.

Meta-Analytic Results
Figure 2A. Global Cognition

Figure 2B. Attention & Working Memory
Figure 2C. Episodic Memory

Figure 2D. Executive Functioning

Figure 2E. Language

2
Favors sham  Favors active

Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2024 January 29.

Page 17



Page 18

Burton et al.

SNSJaA dAI19R Ul sydg pauren 18413 Burinp /pJom pue ulw  [engloesdns SYeaM  SDQ) Weys Jo 7S 01 9102 (29)
3oeq-z ainoid -uou ‘3joeq  UOIRINWIS) ‘ure urelg 0Z 'YWt 611 pT 19n0  aanoesnid 1D |e 18 MOUSIN
79 PIOM UO -Z plom 1U31INJU0J ‘qeyayho)) 3poyled  SUOISSaS
Juswanoidwy paurel-uoN Allerued  pazusindwo) ‘e apoue 8z
BRIVEVETTTS) I010N SNvay 1U84IN2U0Y (woaeysy) ulw leniquoeidns Sy9am  SOQ) Weys 1o 1DIN-Ad A G102 (8y)
Jaylo AlIn4 pazuaindwo) 0z 'vwg b1 yJ1ano  annoesnid 1D |e 12 opunig
ON ‘Buipoa 9poyled  SUOISSas
Uo weys ueys ‘04d1a 9T
9SI0M dANOY 1J9| apoue
(so@y woyy 1VSvd 8leds  (uonenuins (11 aAndepe ulw ¥4 apoyrea Sfesm SO} weys 1o aamnw €e ST0C (09) e 1w
109448 pappe ou sasuodsay jo YUM 1vSvd 0€ ‘vwg ‘e apoue ZJano  annoesnid 1D J|asseyJapueA
“9'1) Buipoouq anleUILNY ulw Gt 1se| paiipow) SUOISSas
anissaidap Buunp 10)  pazusindwo)d 0T
paonpal 1U31INJU0J
SOl yum Ajjened
paulquod pue
8uoje 1D yiog
weys avve ‘vv JUa.LINJU02 (1vor) ulw wue ybu Sigam  SDQ1 weys 1o Vdd 9T a¥10¢ (Lv)
SNSIAA BAIIOR leuonouny % Aln4~ pazusindwo) Gz 'vwig apoyyes ZJano  annoesnyd 1D 118 119100
ul panoidwl  UOIEIIUNWIWOD ‘(6/8  suolssas
Burweu ‘Butwreu vd) 04d1d 0T
paurenun |eluswiiadxgy 1J9| apoue
Wieys sA sAloe oeq SHAvIN ua.1InJuod (1seL ulw 84 dpoyred R 10s+S0Q1e aamn L2 ¥102 (69)
Ul [0IUOD - BAIID3YJe-UOU Alin4 uonippy yZ 'YWz ‘e apoue T J3N0 ‘1D+S0Qs |e 10 aneIBaS
1 pue aANdaYY |elas paded SUOISSas ‘10+SD0Qe
90UBIaYIP ON anndepe [
pue whipesed
Butures
leuonuany
I
payipow)
pazugindwo)d
'Sal09IN0 sjes] ‘Adod 1WVN4 1U84IN2U0Y (1¥N4 uo ulw  pioyep ybu SHoaM Bururen av 9¢  eyIoZ (z9)
Jaylo A9y ‘11AVY Aln4 aouewloyiad Gz 'vwg apoyies Z2Jan0  Jojow+SDHare [e 19 119100
U0 198449 ON ‘Klows N auljaseq ‘D4d1@  suoIssas ‘1D+S0Qis
'SO@3 Inoyum peswany W0y parosyss) 18| apoue 01 ‘10+S2Qe
Joyum 1D ‘vavg seL Buiuren
pazifenpiAlpul  Buiwen 81noid Alowsw
yum pazigndwod
‘Inwis pauren pazifenpiAipu]
10} A|9A119319S
‘1vN4 ul
Juswanoldw)
Buiwn uoneanp
payiodaa (s)awoono aWwo021no [Sele)! adA1 Bulureny 7 Aususiul abejuow .asop, azIs
(s)ynsat ure|\ Arepuodas Arewnd pue 1D aniubon [Sela!! [Sela!! [Sela!! ubiseqg uonendod ajdwes  JesA sioyiny
S)nsay pue sansLIvldeIeyD >U3m
‘T 9lqeL

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2024 January 29.



Page 19

Burton et al.

Wieys SA aA10R oeg-N U81INdU0d (foeg  ulwQz ‘vwz  quij Jeddn SEEN SOl av-aoN 10z  6T0z  (€9)[e¥@ N
ur Alowsw 1 79 uoiubod Aln4 -N aAndepy) [eJa)e[esu0d ¥ J9n0 1D+S0Qs
Bunjiom -urewoq 1eqo|9 pazuaindwo) apoyled  suOISsas ‘1D+SDqke
pue |[edal ‘e apoue 1
pakejap ui
Juswanoidwi
awin Jano sureh V/N uomuboy (1D o1Joud Buiuren uoISsas JapInoys S¥eaM  SDQ) Weys Jo 1D 2z 6102 (19) 18 seq
awos ‘adAy Ajgreipswwil  Buiuoseal 1s16, 1D 9l0J3q  [eJaleRSIU0D y1ano  aandesnid 19
uonejnwns soay) Be IdVINS  Ajereipawiw 8poyred  suolsses
10 aAnoadsaul| dejsano oN ulwoz ‘vywg ‘9| apoue 8
"aAIloe
10U INQ Weys ul
sureb annubo)
Wieys sA anloe ¥ao 'av4 uonumy JUa.LINJU02 $isel  ulwQg 'vwg  2dd spoyres skep  SOQ@3 weys Jo ddN 0z  6T0¢ (¥3)
104 BoDp-svav ‘60D-SVYaVv AlIn4 Buipeas pue ‘e4 apoue GJlano  aanoesnid 19 JoleN |e 18 emebeu|
10 ISNIN ‘ISININ uonenaed SUOISSaS 10 plIN
ur Juswanoidwi 1ouad 0T
ON 7 laded
WIRYS SA 9A110R swoldwAs uoniubos 1U34IN2U0D (OHurig) ulw [enqoesdns Sygam SO Weys Jo ad 22 8102 (s5)
1oy Aduanyy  Jaylo % JO10N pue |ag Alin4  pazusindwo) Gz ‘'vwg wbu ZJano  annoesnid 1D [e 10 nuaue
alwsuoyd ui apoyled  SUOISSas
abueyo Jarealh ‘e4 apoue 0T
‘sdnoub y1oq
u1 Juawanoidwi
annubo)
weys snsisnA IS ‘YOO (sway 1U84IN2U0Y iES ulw |englo weys (usamyaq ald o 0T 1102 (99)
aAnoe Ul ueds  ‘Adusnyy [equan paurenun Aln4 pazipsepuels 0€ ‘vwg  -owou ybu pue sow-zg Yum @y dlwoue Ie 18 0Ja2uU0Yy
161p pue ‘swal ‘ueds ub1g pue pautel;) © WOJY SWall apoyed aA1oR J9A0SS0.2)
pautenun Burweu Buisn Buiwreu ‘ed apoue 4y10qJo  SOQ} Weys o
‘swiall snoauejuods aInyold suoissas  aAnde snid 1D
paures uo Ajrep 0T
Juswianoidw
‘uonezijesaush aouew.opiad Burutes) (suoissas (Buiuaes] ulw  zd4 spoyied ¥T  SOQ) weys 1o 7S 67 1102 (85)
J1o Buluies) aeisbon o1 dwi Bururen g abenbue| 0€ ‘vwg ‘e4 apoue  Aeppue aAndesnid 19 1218 AOJIO
o1 dwi ul 79 Aowaw JozBuunp  oeg-u Jang|) T Aep
S9IUBIBYIP ON Bupjopn  uonenwinps)  pazusindwo) ‘[e10}
‘Aep-1xau weys 1Ua1INJU02 SUOISSas
SNSIAA SN0 Alerued 2z
ur Alowsw
Bursjiom
panoidwi
‘SOl
Jojsusq
Aep-awres oN
'Sddd a11sodwod (9am Jad (yse1
10 aysodwod gDDIN  SUOISSas € J0  Xoeg-u aimoid
900N uo 9eq ¢loj 12040
10913 ON "Weys -z ainid sanuIW 0z
Burwn uoneinp
paliodaa (s)awooIno aWo9INo [Sele)! adAy Buturesy 7 Ajsusyul abeluow ,3sop, azIs
(s)ynsat ure|\ Arepuodas Arewnd pue 1D animubod [Sele!! [Sela!! [Sela!! ubisaqg uoneindod  a|dwes  JesA sioyiny

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2024 January 29.



Page 20

Burton et al.

'(SD@1 weys) sOA3s H([SO@1] uoieINWIS JUBLIND 19341P [RIURIOSUR.)Y [BPOUR)

sO@ie (jensn se juswiealy) N1 (eluaiydoziyos) zs ‘(1apiosiq asn aourisqns) ans (isel feubis dois) 1SS ‘(Bulures] Buiuoseay pasueApy pue AlowsiA 216a1eiS) 1HVINS ‘(snels [eaibojoyoAsdoinaN
10 JUBWISSaSSY 8y} 10} Alanieg a|qereaday) SNvGY (3sal Bulutea [eqian Alolipny Asy) 11AVY :(eiseydy anissaibold Arewild) Wdd ‘(aseasiq s, uosunjed ui uawaredw| aamubod piiA) 1DN-Ad
‘(aseasiq s, uosujied) dd ‘(1sal UONIPPY [el8sS AI0lIpny paded) 1WSWVd ‘(AW 01 anp Japlosig aAiubodoinaN PN AV-ADN :(@apiosid aanubosonaN) AN :(Uawssassy aAuboD [eauoin)

VOO ‘(uoleuiwex3 ayeis [elusiAl 1UIA) ISININ Quawredw ] aaniubod pliA dnsauwe) [ ‘(uawaredw| aaubo)d piiA) 1IN :(1apiosia aaissaldaq JolfelN) QAN (A1eneg aamubo) snsuasuo)
SOIYLVIN) 921N ‘(31eas Buney uoissaidaq Blagsy-Aiswobuo) SHAVIN (Buiwelaydweyiaw) WA (JeAssiul sninwinsiaiul) S| ¢(sniAB fejuouy dowagul) 94) ‘(Bulures] eiwouy pazusindwo)
pazifenpiAlpul) 1wDl ‘(enuswsap [eiodwsaloiuold) L4 ‘(Msel Alows\ UoNRINoSSY aWweN-93.4) 1WNH ‘(Alaneg uswssassy [eluoid) g4 ‘(sel aqold 10a) 1dd {(xauod [euougaid [essrejosiop) 4414
‘(ysel Bununoasig-Aeja@) 1aq ‘(uonip3 puosas ‘1sa1 BuiuiesT [eqlaA eiuloyije)d) 11-1TAD ‘(Buluresl aamubo) weys) |9s ‘(Bulures] sanuboD) 19 ((ser uoniubo) [euonow3 [e190s aleisbo))

23S areisboD (Buney enuswaq [ed1ul)d) YA :(AdessyL uondippy samubo) pazusindwod) 1D ‘(9[eds Bulrey ouielydAsd Ja1d) SHdQ ‘(A10jusaul uoisseideq X299) 1A ‘(SHolaQ dlseydy Jo
sisAleuy Joj Aleneqd) vYavg/avvg :(ealy uuewpoig) vg {(eAn1uboD — 8]eds WaWISsSassy aseasi S, Jawiayz|y) B0D-Svay :(asessia s.Jawisyz)y) av ‘(1sal aiseydy Jausyory) 1V SUOIRIASIGOY

Wieys sA annoe 23S aesbod Buineso JU8INOU0D (1v02) ulw g4 apoyred SYEENY nvL (vW)ans (Aluo 1202 (T9) [RIO NX
ur Aoeanooe “oeg-z  padnpul-and AIn4  pazueindwo) 02 ‘VWG'T ‘4 apoue ¥ Jano ‘10+S0a1s uauwiom)
39eQ-g ul ayeisho) “ysel SUOISSaS ‘10+SD0Qke S/
Juswanoldw) 1511 Buiddoys 0z
aelshod ‘1aa
‘1SS ‘1dd
3AI10® 10 aouewuopad  Buluresy Jaye 1U81INOU0J (Buuren ulw [enquoeidns [Sele!! (usamyaq 1O 9T 0202 (6%)
Wweys pip oym se) Bulureny  Ajareipawiwi Alin4 Alowsw 0Z ‘'YWT  Ua| apoyied weys SOWw-g Yum |e 18 BSNOS 3p
syuedioned yluow-auQ  aduew.opad |enredsonsin) ‘9] 8poue 10 BAIdE J9A0SS0.2)
Ayyeay se sarel ysel pazuaindwo) Jayue  SOA) weys Jo
Juawanoldwi Buures yum  aandesnid 19
Jejiwis pasred,
payoeal ‘weys Buuren
SA 81398 UL Aep-¢
Juswanoidwi
Weys pue woydwAs IFIAD Bunouod  (MOVdD0D)  UIWQE 'YWz 84 3poyred Sfeam  $OQ) Weys 1o IDNE 89 6107 (05)
3AI110€ U9aMIaq ‘[euonouny Allended  pazusindwo) ‘e apoue Glano  anpoesnid 1D [e 18 unue
S9IUBIAYIP ON ‘anubod SUOISSas
1B8y10 ST
Burwn uoneinp
paliodaa (s)awooIno aWwo9IN0 Selel! adAy Buturesy 7 Ajsusyul abeluow ,3sop, azIs
(s)ynsat ure|\ Arepuodas Arewnd pue 1D animubod [Sele!! [Sela!! [Sela!! ubisaqg uoneindod  a|dwes  JesA sioyiny

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2024 January 29.



Page 21

Burton et al.

‘(BurutesT 21681eS 401591 ) 1SOL ‘(seL [eubis dois) 1SS ‘(snyels [ea1fojoydAsdoinaN JO Juswssassy ayi J0) Alslieqg a|qeresday) SNvGY ‘(3saL BulutesT [eqisp Aionpny

Aod) 1AV ‘(fseL BuiweN 81mold) 1Nd ‘(1581 UoRIppY [euss A1oupny paded) 1VSVd ‘(AIowsN uoiean-108lqo) INTTO ‘(Uoreuluex3 81els [N IUIA) ISININ ‘(Aiered aamubo) snsussuod
SOIYLVIN) 900 ‘(11808 8814 Aeja@ BuoT) ¥4@T (qseL 117 Buiddoys feuoneussiug) 1151 (A1seg wswssessy [eiuoid) gy (waisAs Butuonound eannoex3 uejded-sijad) S43MA (uonip3
pu02as ‘18] Buiutea equa elulojieD) [1-L11AD ‘(1s81 Aouanyy jeqlan A106a1ed) 1 4AD ‘(aA11UB0D — 8]BIS JUBWISSASSY aseasi S, Jawlayz|y) B0D-Svay ‘(1sal aiseydy Jausyoey) 1V SUONRIASIGOY

ST/9

ST/9

ST/8

ST/0T

ST/S

Urewop Ul Salpnis 4o #

(pasianal) awi] uonoeay 1SS

1081102 210} 11S|

%9eq-¢

(19) TZ0Z “[e 18 NX

Amle]

(6%) 020z "“Ie 10 BSnos ap

81035-2 44AaT H-LTAD

(pasianal) awi uonoeas uesy

(0S) 6T0Z “[e 18 URIRN

14AD

(pastanal) g sjrel

11e28.1 pakejag

ueds ub1p premioq

(pasianal) Bod-svav

(€9) 6T0C “lR 1O N

IMD S43Xd

Aiowaw a1posids 1SOL

(T9) 6702 “[2 19 SBA

2100s abueyd gv4

81008 abueyd ISININ

(¥S) 6TOZ “Ie 10 eMmebeu|

Aouanyy [egJan onUBWISS

(pasianal) g sjres

112981 pake|sp 1IAVY

ueds 1161p pJemioS

uosumyied [l Ul

(G5) 8T0Z “[e 18 nUBUE

SWwis)l paurel) uo Aorinooe mey

ueds uB1p [e1oL

(99) LT0T “[e 10 0130U0Y

awd-p 3oeg-N

(85) LT0Z “[2 38 AOLIO

awiid-p Xoeq-z PJoM

ansodwos 900N

(£8) 910 ““Ie 18 MOUBIN

9102
abueyd xapui abenbue] SNvGH

21095 abueyd (2281 18| SNV

21095 abueyd ueds 161p SNYGY

abueyd [e101 SNYGY

(8v) GTOZ “Ie 18 OpuNIg

IS| UelpaW 1vSvd

(09) STOZ “'[e 19 }aSseyapUEBA

Aoeinaoe |y

(Lv) ayTOZ “1e 19 1118100

[einau ‘AoBINaaR 94 Ysel oeg-Z

(65) ¥T0Z “[e 10 aneibas

1031102 $103[q0 | Nd

(pastanal) g sjrel

118081 pakejap LIAVY

(2g) evt0Z "2 32 1113300

abenbue]

Buluonoun4
EIGENE|

A1owsN

Adows N
Bupyiopuonusny

uonubod [eqo|9

Author Manuscript

‘¢ slqeL

Author Manuscript

Salnses|\ swW03INQ pue sulewod

Author Manuscript

Author Manuscript

Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2024 January 29.



	Abstract
	Introduction
	Methods and Materials
	Search Strategy and Study Selection
	Data Extraction and Items
	Statistical Analysis
	Risk of Bias across Studies

	Results
	Search Results
	Study Characteristics
	Risk of Bias within Studies
	Risk of Bias due to Missing Results
	Meta-analytic Results
	‘Global’ cognition (5 studies; n=202).
	Study characteristics.
	Analyses.

	Attention/working memory (10 studies; n=407).
	Study characteristics.
	Analyses.

	Episodic memory (8 studies; n=361).
	Study characteristics.
	Analyses.

	Executive functioning (6 studies; n=258).
	Study characteristics.
	Analyses.

	Language (6 studies; n=232).
	Study characteristics.
	Analyses.

	Omnibus analysis (all measures, all studies).


	Discussion
	Summary of Evidence
	Considerations and limitations of included data
	Disease types and baseline cognition/symptom severity.
	Types of training.
	Stimulation parameters.
	Outcome measures.
	Study design.
	Transfer and real-world functioning.

	Considerations and limitations of this meta-analysis
	Unanswered questions and topics for future research
	Conclusions

	References
	Figure 1.
	Figure 2.
	Table 1.
	Table 2.

