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ABSTRACT

BACKGROUND: People with neurological disorders are found to have abnormal resting-state functional connectivity (rsFC), which is asso-
ciated with the persistent functional impairment found in these patients. Recently, transcranial direct current stimulation (tDCS) has been
shown to improve rsFC, although the results are inconsistent.

OBJECTIVE: We hope to explore whether tDCS induces rsFC changes among patients with neurological disorders, whether rsFC is clini-
cally relevant and how different tDCS parameters affect rsFC outcome among these individuals.

METHODS: A systematic review was conducted according to PRISMA guidelines (systematic review registration number: CRD42020168654).
Randomized controlled trials that studied the tDCS effects on rsFC between the experimental and sham-controlled groups using either elec-
trophysiological or neuroimaging methods were included.

RESULTS: Active tDCS can induce changes in both localized (ie, brain regions under the transcranial electrodes) and diffused (ie, brain
regions not directly influenced by the transcranial electrodes) rsFC. Interestingly, fMRI studies showed that the default mode network was
enhanced regardless of patients’ diagnoses, the stimulation paradigms used or the rsFC analytical methods employed. Second, stimulation
intensity, but not total stimulation time, appeared to positively influence the effect of tDCS on rsFC.

LIMITATIONS AND CONCLUSION: Due to the inherent heterogeneity in rsFC analytical methods and tDCS protocols, meta-analysis was
not conducted. We recommend that future studies may investigate the effect of tDCS on rsFC for repeated cathodal stimulation. For clini-
cians, we suggest anodal stimulation at a higher stimulation intensity within the safety limit may maximize tDCS effects in modulating aber-
rant functional connectivity of patients with neurological disorders.
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Introduction
Neurological disorders encompass a wide range of diseases
involving abnormalities in the central and peripheral nervous
systems.! These disorders contribute to the leading causes of
disability and death, contributing to nearly 12% of global dis-
abilities and approximately 17% of global deaths.? Although
the etiologies of different neurological disorders are inherently
distinctive, which results in a great variety of physical/mental
dysfunctions, aberrant network functioning in the brain is a
common issue that has been associated with the persistence of
impairments among these individuals.3

Neural network functioning can be quantified in multiple
ways, of which functional connectivity (FC) is one of the indi-
cators commonly used in academia. FC is defined as the

statistical dependencies among remote neurophysiological
events, which reflects the degree of the nondirectional syn-
chrony between 2 brain regions.* FC can be broadly catego-
rized into 2 types—task-based FC and resting-state FC (rsFC).
Rather than recording brain network activity during perfor-
mance of a task that engages certain neural processes (eg, motor
network recruited during the finger tapping task), measure-
ments of rsFC, which results in the discoveries of resting-state
networks,” are taken when an individual’s task engagement is
minimal (eg, eye-closed rest, passive fixation), that is, when the
person is “at rest.”® Due to the great variety of experimental
paradigms adopted in different studies, comparing task-based
FC between studies could be challenging; rsFC serves as an
alternative option that makes a comparison more feasible by
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minimizing the impact from paradigm designs.” In terms of
measurement, rsFC can be studied with neurophysiological
(eg, electroencephalography, EEG) or neuroimaging (eg, func-
tional magnetic resonance imaging, fMRI) methods, which
complement the limitations of each other,® leading to a more
holistic understanding of brain functions.” While EEG rsFC
measures the phase synchronization between 2 electrical sig-
nals measured by 2 scalp electrodes located in different posi-
tions,!® fMRI 1sFC is determined by the synchrony of the
low-frequency fluctuations in blood-oxygen-level-dependent
(BOLD) signals detected in 2 different brain regions.’ To
determine the degree of synchrony, there are a number of ana-
Iytical approaches for each measurement method; while coher-
ence, phase-locking value and graph theory approaches are
commonly utilized to evaluate EEG data,!? independent com-
ponent analysis (ICA), seed-based FC analysis and graph anal-
ysis are widely adopted in the fMRI research world.'3

A growing body of evidence indicates that rsEF'C is closely
associated with specific neural processes that support motor,
cognitive and perceptual functions,' which also predicts recov-
ery from diseases as well as success in one’s daily life function-
ing.’> People with neurological disorders who manifest
different types and levels of functional impairments are found
to have abnormal rsFC when compared to their healthy coun-
terparts, which has also been shown to correlate with the sever-
ity of signs and symptoms. For instance, from a meta-analysis
studying rsFC among people with depression when compared
to healthy controls, patients were found to have a hypocon-
nected brain network for cognitive control and attention and a
hyperconnected network for self-referential thoughts.1¢
Another meta-analysis showed internetwork hypoconnectivity
in patients with schizophrenia when compared to controls.!”
Other diagnoses with individuals who manifest different kinds
of intra/internetwork rsFC abnormalities include but are not
limited to attention-deficit/hyperactivity disorder,'® stroke,
Parkinson’s disease,?® and fibromyalgia.?! These studies collec-
tively imply that rsF'C abnormalities can be identified in many
neurological disorders, which are found to be a problem under-
lying persistent cognitive/motor/perceptual dysfunctions.

In recent decades, increasing efforts have been made regard-
ing the development of treatment techniques that potentially
alleviate rsFC abnormalities among people with neurological
disorders. One of the potentially promising techniques is tran-
scranial direct current stimulation (tDCS).?2 During tDCS
application, a weak direct current (1-2mA) is passed through
the brain by connecting a battery with 2 electrodes that are
placed over the scalp.?® The transcranial electric current has
been found to modulate neuronal excitability in humans.?
Sustained stimulation has been found to result in long-lasting
cortical excitability, a phenomenon that resembles the putative
neurophysiological mechanism of learning and memory—
long-term potentiation.”> Most of the previous electrophysio-
logical and neuroimaging studies have focused on the regional

effects of tDCS in both healthy people and those with neuro-
logical disorders (eg, epilepsy?® and depression?’), showing
encouraging results that indicate tDCS can indeed alter neuro-
plasticity, which correlates with cognitive and motor function
improvements.?® With the understanding that brain regions do
not act separately but rather are functionally connected, more
researchers have started to investigate the effect of tDCS on
network connectivity via rsFC in healthy individuals and
patients with neurological disorders.?%30

Despite the fact that some studies reported significant
changes in rsFC after patients received tDCS,3031 others
reported negative results.? It has been suggested that interin-
dividual variability in brain structures,?? study designs,33 varia-
tions in tDCS stimulation protocols used among different
studies’* or even differential analytical methods for rsFC?
could result in inconsistent results between studies. To the best
of our knowledge, there is no previously published paper that
synthesizes the available studies that investigate tDCS effects
on rsFC among people with neurological disorders, leaving
these inconsistencies unexplained. Thus, we hope to address 3
questions by conducting a systematic review: (1) whether
tDCS induces rsFC changes among patients with neurological
disorders, (2) whether these rsFC changes correlate with clini-
cal outcomes (representing the clinical relevance of tDCS
effects on rsFC), and (3) how different tDCS parameters affect

rsFC outcome among these patients.

Methods

Literature search

This systematic review was performed with guidance from the
Preferred Reporting Items for Systematic Reviews and Meta-
analysis (PRISMA)3¢ and was registered in the International
Prospective  Register of Systematic Reviews system
(PROSPERO; register ID: CRD42020168654). A prelimi-
nary search was conducted in early February 2020 to confirm
the choice of keywords and electronic databases among all
authors. A main literature search for retrieving relevant records
was conducted on 18-19 February 2020 with the search terms
“transcranial direct current stimulation,” “tDCS,” “functional
magnetic resonance imaging,” “IMRI,” “electroencephalogra-
phy,” and “EEG” from the electronic databases PsycINFO,
Scopus, Embase, and Web of Science. No limit was set for the
publication dates. Hand searching of the reference lists of the
relevant articles was performed to identify additional
records.30:31

Study inclusion

Randomized parallel group/crossover trials, which administered
active tDCS stimulation in the experimental group and sham
tDCS stimulation in the control group, on patients with neuro-
logical disorders as defined in The International Statistical
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Classification of Diseases and Related Health Problems 10th
Revision (ICD-10),%7 with functional connectivity outcomes
measured by either resting-state EEG/fMRI were included in
this review. The article screening process could be divided into
3 parts. First, duplicated records were removed. Then, titles and
abstracts of the articles were screened; non-English papers,
studies without peer-reviewed empirical data (eg, review, con-
ference proceedings, book chapters, and editorial), observational
studies (eg, case series, nonrandomized studies, and studies
without a sham-tDCS control group), nonhuman studies, stud-
ies that did not apply tDCS to patients with any kinds of neu-
rological disorders and studies that did not use tDCS as the sole
brain stimulation technique were excluded. Finally, the full texts
of the remaining studies were examined for systematic review
eligibility. A paper would be included if (1) functional connec-
tivity measures, recorded by either resting-state EEG or {MRI,
were reported, (2) the functional connectivity measures were
conducted at both baseline and after the treatment, and (3)
between-group (ie, active- vs sham-stimulation) comparisons
that reflected tDCS effects were reported. The above screening
processes were independently conducted by the first author and
an experienced research assistant, and their decisions were
recorded in separate Excel spreadsheets. When there were dis-
crepancies, the second author made the final decision regarding
study inclusion.

Data extraction

After final decisions regarding the paper selection issues were
made, the demographic data and experimental and outcome
measurement details of the included papers were extracted and
entered into an Excel spreadsheet by the first author, which was
checked by the second author to minimize errors. Demographic
data included the diagnosis, number of participants in each
group (N), age, and whether participants were on concurrent
medication within the experimental period. Experimental details
included the montage placement, tDCS stimulation current
intensity (mA), duration of stimulation for each session (min-
utes), total number of treatment sessions, and concurrent task
accompanied during tDCS stimulation. Outcome measures
included the assessments used for measuring the clinical effect,
posttreatment between-group difference of fIMRI/EEG rsFC
data (or between-group contrast showing changes of rsF'C from
pretreatment to posttreatment) and the description/statistics
showing the association between the change in rsFC measures
and the change in clinical outcomes. Electronic mail was sent to
the corresponding authors to ask for additional information/
clarification if the data to be extracted were not complete.

Data coding and synthesis

Extracted data were coded by the first author and then checked
and confirmed by the second author. Participant age was
recoded into 3 age groups (adolescent, adult, elderly), and

montage placement was coded as an addition variable, “stimu-
lation type,” according to a previously proposed framework.®
We coded the “total stimulation time” by multiplying the total
number of sessions by the stimulation time of each session,
while the current density at the electrode (A/m?), which is a
widely adopted parameter in animal research representing the
current applied to the participants,? was calculated by divid-
ing the current intensity by the electrode’s surface area. Based
on the purposes of the clinical assessments used by each study,
the clinical outcome would be categorized into 3 categories—
symptomatic relief, enhancement of specific/global neurologi-
cal function, and description/statistics showing the association
between the change in rsFC and the change in clinical out-
come recoded to be a dichotomous outcome (yes/no). For
fMRI peak coordinates, recoding according to MNI space
would be done if Talairach coordinates were given, followed by
categorizing these brain regions within a priori rsF'C networks
(at a resolution of 400 parcels) defined by a local-global net-
work parcellation in 1489 subjects.*?

In view of the marked diversity in the subdiagnoses under
the branch of neurological disorders, as well as that regarding
the rsFC analytical methods, meta-analysis was not planned.
To answer whether tDCS induces rsF'C changes, we provided
a narrative synthesis of the results, supported by a forest plot
that provides readers with a visual impression of the data. The
effect size calculation and generation of the forest plot were
performed using Comprehensive Meta-Analysis (CMA;
Biostat, Englewood, NJ) software. Effect sizes for coordinate-
based fMRI rsFC studies would be calculated for all reported
T-values of the peak coordinates/P-values for all reported clus-
ters. For the remaining studies, a combination of test statistics
(eg, fvalues, #-values, P-values) was used.*! For studies that
presented non-parametric statistics, effects sizes would be cal-
culated manually according to the previously published formu-
lae.*1#2 For studies that did not report a pre-post correlation
while reporting pre/posttreatment between-group contrast, a
conservative estimation of pre-post correlation of 7=.7 would
be used.*>** If test statistics were unable to be obtained after
contacting the corresponding authors but the results were
described in text, nonsignificant results would be assumed to
have P-values of .5 (1-tailed) and significant results were
assumed to have P-values of .05%; these P-values were chosen
as we opted to keep our estimation as conservative as possible.
The forest plot was generated with the Hedges’s ¢ effect size
with 99% confidence intervals. A follow-up narrative synthesis
would summarize whether the documented rsFC changes cor-
relate with the clinical outcomes. To explore the effects of dif-
ferent tDCS parameters on rsFC outcomes for continuous
data (ie, stimulation time and current density), we conducted
meta-regressions with CMA software by plotting these param-
eters against g. For rsFC changes for discrete data (ie, stimula-
tion type), narrative syntheses would be given. The risk of bias
in individual studies was assessed by the Cochrane
Collaboration’s tool.#6 Publication bias was evaluated by visual
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fMRL EEG: 0 records identified
1387 records identified 2226 records identified through searching
through database searching through database searching Reference lists of review
PsyINFO (187) PsyINFO (351) papers
Scopus (464) Scopus (785)
Embase (376) Embase (663)
Web of Science (319) Web of Science (427)
1004 of records after duplicates removed
882 of records excluded

1004 Abstracts of records
screened

Exclusion criteria:
-Non-English papers
-Studies without peer-reviewed

Full text of 122 records
assessed for inclusion in the
systematic review

empirical data

-Observational studies

-Non-human studies

-Non-tDCS treatment studies

-Did not apply tDCS as the sole brain
stimulation technique

-Did not apply tDCS on subjects with
neurological disorders

106 of records excluded, with reasons
Exclusion criteria:

-No resting-state functional

connectivity results reported (EEG

A

15 of records included in
systematic review

A 4

0 of records included in
meta-analysis

Figure 1. Flowchart of the article screening process.

n=88; fMRI n=12)

-Functional connectivity measures
not conducted at both baseline and
after treatment (fMRI n=1; EEG n=2)
-Between-group rsFC contrast not
available (EEG n=3)

inspection of the funnel plot,*” with a small-study effect evalu-
ated with Egger’s test.*

Results
Study selection

A total of 15 studies were included in this review. The elec-
tronic database search yielded a total of 3613 neurophysiologi-
cal and neuroimaging studies (2226 EEG and 1387 fMRI
records, respectively), with 2609 records remaining for abstract
screening after the removal of 1004 duplicated records. A total
of 2488 studies were excluded after exclusion criteria were
applied at this stage. The full text of 121 records was further
assessed for inclusion in the systematic review. One hundred
studies were excluded as the primary outcome of our system-
atic review (ie, resting-state functional connectivity) was not

reported in the papers (88 EEG and 12 fMRI records, respec-
tively); 3 other studies were excluded because the primary out-
come measure was not conducted at both baseline and after
treatment. Between-group rsFC contrasts could not be
obtained from 3 studies, and they were also excluded from the
review. See Figure 1 for the diagram illustrating the article
screening procedure and Supplemental Table A for the details
of the 106 records excluded during full-text screening.

Risk of bias within studies

A majority of studies showed unclear bias in random sequence
generation, allocation concealment, incomplete outcome data.
More than half of the studies adopted blinding procedures during
treatment administration and outcome assessments. Although
most of the studies reported both significant and non-significant
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Figure 2. (a) Risk of bias graph: review authors’ judgments about each risk of bias item presented as percentages across all included studies. Note that
an item was rated “+” (ie, low risk of bias) only when the measure taken to prevent certain risk of bias was clearly stated in the paper; when evidence/
quotes or explanation were not available in the text or after clarifying with the authors of the included studies, a rating of “?” (ie, unclear risk of bias) was
given and (b) review authors’ judgments about each risk of bias item for each included study. Note that “other bias” was defined as other sources of risk
on top of selection, performance, detection, attrition, and reporting biases. Specifically, carry-over effects in cross-over trials and baseline imbalance

between groups were considered as “other bias.”

results of between- and within-group comparisons, 4 studies did
not report their data as planned in the methods section. Figure 2a
displays the risk of bias items presented as percentages across all
included studies, and Figure 2b shows the risk of bias summary
for each included study. Supplemental Table B presents all of the
authors’ judgment details for each study.

Study characteristics

The included RCTs involved 348 patients in total from different
age groups who suffered from a broad range of neurological dis-
orders, including fibromyalgia,* inflammatory bowel disorder®
and neuropsychiatric disorders (ie, schizophrenia,’*? substance
abuse®), neurodegenerative disorders (ie, multiple sclerosis,™*
Parkinson’s disease,” primary progressive aphasia®®), neurode-
velopmental disorders (ie, attention-deficit/hyperactivity disor-
der37:58), stroke,>%% and disorders of consciousness.t! These

studies adopted a great variety of tDCS protocols and adopted a
variety of rsFC analytic methods. A brief summary of the demo-
graphic, experimental and outcome measurement details of indi-
vidual studies is shown in Table 1.

Effects of tDCS on inducing changes in rsFC and

its clinical relevance

Figure 3 provides the overall summary of the included studies
with a forest plot. All of the effect sizes were computed with
the reported test statistics/ P-values except for 4 studies,*%5253,63
hypothetical P-values were assigned for these studies as
planned. The plot indicated that tDCS could induce rsFC
changes in patients with neurological disorders, as evident from
neuroimaging and neurophysiological studies.

The results from electrophysiological studies (Table 2)
showed that rsFC near electrodes could be modulated by tDCS.
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Study name  Diagnosis Measurement Hedges's g for each study
Lower  Upper
g Timit Timit
Cosmo 2015 ADHD EEG 0746 -0263 1.7%
De Ridder 2017  FM EEG 0315 -0624 1253
Nicolo 2018 CVA EEG 0720 -0330 1780
Porcaro 2019 MS EEG 1382 0286 24W
Schoellmann 2019  PD EEG 0.000 -0745 0745
Thibaut 2019 DoC EEG 0653 -0069 1374
Wu2019 DoC EEG 0993 -0233 2220
0631 0143 1118
Ficek 2018 PPA MRI 1017 -006 2100
Lefebvre 2017 CVA fMRI 0687 0092 128
Marangolo 2016 ~ CVA fMRI 1814 0418 3211
Mondino 2016 Sz fMRI 1.809 0564 3.083
Neeb 2019 IBD fMRI 0754 0165 1674
Palm 2016 Sz fMRI 0900 -0263 2.062
Shahbabaie 2018 SA fMRI 0524 0152 119
Sotnikova 2017 ADHD fMRI 1742 0635 2.8%
1.078 0580 1.576
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Figure 3. A forest plot summarizing the effects of tDCS in modulating rsFC in patients with neurological disorders.
Abbreviations: ADHD, attention deficit/hyperactivity disorders; CVA, cerebral vascular accident; DoC, disorders of consciousness; EEG, electroencephalography; FM,
fibromyalgia; fMRI, functional magnetic resonance imaging; IBD, inflammatory bowel disorder; MS, multiple sclerosis; PD, Parkinson’s disease; PPA, primary progressive

aphasia; SA, substance abuse; Sz, schizophrenia.

Thibaut et al®! reported an increase in rsFC between C3 and C4
electrodes (where the cathodes were placed), as well as between
C4 (cathode placement) and F3 (anode placement) among
patients with disorders of consciousness with multichannel
bilateral stimulation. Similar changes could be found in the study
conducted by Nicolo et al®® on stroke patients, who reported an
increase in the weighted node degree of C3/4 (cathode place-
ment) for the beta, but not the alpha frequency band. However,
negative results were reported by Cosmo et al’® in which stimu-
lation was applied to adults with ADHD over the dorsolateral
prefrontal cortex. The local rsFC showed nonsignificant changes
after active tDCS when compared to the sham group although
this study was of the largest sample size (N=30 for both the
active and sham groups) among all included studies.

Changes in 1sFC are also shown within the brain regions
that are functionally connected with the stimulated region. An
EEG study by Porcaro et al>* which applied tDCS to individu-
als with multiple sclerosis over the somatosensory region using
a personalized anode, reported an increase in interhemisphere
1sE'C over the bilateral primary motor cortex. For fMRI studies
(Table 3), when electrodes are placed over the primary motor

cortex (M1), the rsFC of the somatomotor network, compris-
ing brain regions such as the premotor cortex and the postcen-
tral gyrus that are functionally connected to M1, increases®*>?;
when electrodes are placed over the inferior frontal gyrus,”®%2 a
brain region within the dorsal attention network, rsFC
increased in the dorsal attention network.

Notably, rsE'C modulation was found in brain networks that
were not functionally connected to the brain regions directly
under the scalp electrodes. Notably, all of the included fMRI
studies induced rsFC changes to the default mode network
(DMN; Table 3) regardless of the mode of stimulation and
electrode placements. Another study conducted by De Ridder
and Vanneste*® reported an increase in lagged phase synchroni-
zation specifically at the beta and gamma frequency bands over
the pregenual and dorsal anterior cingulate cortex when elec-
trodes were placed over the bilateral occipital lobes for patients
with fibromyalgia. Studies that applied tDCS over the dorso-
lateral prefrontal cortex, a brain region that has been consid-
ered to be part of the ventral/dorsal attention network, showed
a more diverse pattern of rsFC modulation. For instance,
Sotnikova et al’7 found that the dorsal attention network was



Chan and Han

'snJAB jeuoly Joadns ‘H4g ‘SO Weys ‘S ‘ANAIBDaUU0D [euonouny arels Bunsal ‘D4si ybu ‘Y ‘sniAb [esiuaoisod ‘H-1sod xeno00 Jojowaid ‘DN X100 areinbuio
Jouslsod ‘DD ‘parodal jou “uru isniAB [esjodwa) s|ppiw ‘O N ‘SnIAB [ejuosyaid [eipaw ‘D4 dIN ‘SNIAB [ejuoly s|ppiw ‘DA X810 Jojow Arewnd ‘LA ‘8| 7 ‘SnIAB [esodwis} Jousjul ‘D] | ‘snIAB [ejuoly Jousjul ‘D] iouie
asim-Ajiwe} ‘M34 ‘snIAB wioyisny ‘4 xa1109 [ejuoljaid [elsye|osiop ‘O4dT1a ‘waisAs 0z 01 01 H3J ayi ul Buyjage| ‘2 ‘wnjlegalad ‘w)|gala9 ‘sniAb Jeinbue ‘oY xa1100 areinbuld Jousiue ‘DY (SO} SAIO. ‘Y [suolelnIqqy

040 H/1 00V
/1 '04dIN H/1
‘00d H 'O1N o411
7 ‘snaundaud ‘e|nsul csle 1o
H ‘D741 d 04d7d71 04d1ad SOA SOA  dleqequeys
o1l 5818
7°00V 'OV H O4IN /1 zQ O4d1an u SOA BAONIUIOS
uoibal [engio
S1N1 -eidnsy 044741 ON SBA  szlB 18 Wied
uoibai
LN 1°00d e|nsul 9D-1sod 94 [enqio-eidns
H/1'00v H d1 g1 g1 g1 HA Y/ u SOA  oglE 18 g8ON
04d1a1
uonoun(
snaunoaid B|nsul |eleued gle e
‘oY 1 ‘odiy -oiodwel 7 044701 SOA SOA OulpuolN
O1N1 O4N 1 Xesyo y o411 SOA SOA  ogl® 18 %8014
O4dIN wj|gaieo o4l
Y ‘snaundaid ‘O4N 1 wj||galeo 9| |[euolss| |euoisa| 20lE 18
100V 1 ‘YINS H OINd H/1 -eJuo) -1sd| SOA SOA ojobueiepy
N
LN [euolisa| |leuolsa| 6sl® 19
00V {/1 OINd {/1 -Bljuo) -1sd| SOA SOA 9IAgd4eT

JIdOH1VYO

(3IN0ODLNO
NOILN3LLY IVOINITO ¢3ANODLNO
1nv43a  Ivi3IdvdOLNOY4d OlgnIn TIVHINIA vsdod HOL1ONOLVYINOS vNSIA AdVINIHd HLIM TVOINITO

d3.1v1344d00 AHVYNIHd NI
(193443 40 NOILOIHIA ANV YHOMLIN JLVIS-ONILSIH 40 SINHIL NI 314ISSY10) S3ONVHO SAONVHO
SOAL WYHS ANV 3AILOV NIIML3F (S0">d 3L03HHO0D IMA 1S31-1) STONIHILHIA O4SH LNVOIHINDIS A3LHOJIH SNOID3H NivHg ININIOV1d IOVINOW 04Sd  1INVOI4INDIS 3ON3H343d

'saipnis (14Ay) Buibewr aoueuosal onubew [euonouny ay) woily synsas AJAi}0suu0d [euonouny ajejs-bunsal jo Arewwns g ajqeL



10

Journal of Central Nervous System Disease

modulated in patients with ADHD, while the ventral attention
network was modulated in patients with schizophrenia and
substance abuse.5153

At the whole-brain level, Wu et al®3 identified an increase in
EEG coherence after applying stimulation over the left dorso-
lateral prefrontal cortex among 5 patients with disorders of
consciousness. In contrast, another study of a larger sample size
conducted by Schoellmann et al*® found no significant differ-
ences between active and sham tDCS groups in rsFC, as indi-
cated by imaginary corticocortical coherence across beta
frequency bands among patients with Parkinson’s disease.

Regarding the correlation between rsFC changes and clinical
outcomes, 14 studies involved clinical assessments as their out-
come measures (Table 1), with 7 out of 14 studies reporting a
significant correlation between rsFC changes and clinical out-
comes, 2 out of 14 of studies reporting a nonsignificant correla-
tion, and 5 out of 14 studies did not report such correlation as
such analysis was not planned in their studies (Tables 2 and 3).

Effects of different tDCS parameters on changes in
rsFFC

Meta-regressions reveal a statistically significant, positive rela-
tionship between current density and changes in rsF'C (B=2.01,
SE=0.794, P<.05; Figure 4). Meanwhile, total stimulation
does not appear to modulate changes in rsFC, as indicated by a
non-significant correlation between these 2 factors (B=0.0014,
SE=0.0015, P<.35; Figure 5). Of note, due to the limited
number of studies available and the marked heterogeneity
across studies, these observations should be interpreted with
caution.

Regarding the effects of stimulation type on rsFC, both
anodal and bilateral stimulation were found to enhance rsFC,
while cathodal stimulation resulted in mixed findings. For
instance, when cathodal stimulation was given to patients with
schizophrenia, the rsFC of the DMN increased and rsFC in
the ventral attention network was reduced. However, the beta
coherence was found to be higher than that of the sham-stim-
ulated group in another study.®0

Risk of bias across studies

The funnel plot (Figure 6) showing the effect sizes of both
EEG and fMRI studies plotted against standard error was
asymmetric, which illustrated the presence of publication bias.
Egger’s test was highly significant (P<<.01, 2-tailed), which
was a clear indication of a small-study effect.

Discussion

This systematic review aimed to investigate the effectiveness of
active tDCS in modulating resting-state functional connectivity
among individuals with neurological disorders. By conducting a
comprehensive literature search using multiple electronic data-
bases and performing manual searches in reference lists of

previously published papers, 15 RCTs with either crossover or
parallel group designs, comparing active tDCS with sham stim-
ulation, that also reported between-group resting-state func-
tional connectivity results were included. In conclusion, this
systematic review indicated 2 main points. First, the currently
available neurophysiological and neuroimaging studies provided
some evidence that active tDCS can induce changes in both
localized (ie, brain regions under the transcranial electrodes) and
diffused (ie, brain regions not directly stimulated by the transcra-
nial electrodes) rsFC. Interestingly, fMRI studies showed that
the DMN was enhanced regardless of patients’ diagnoses, the
stimulation paradigms used or the rsFC analytical methods uti-
lized. Second, stimulation intensity, but not duration, appeared

to positively influence the effect of tDCS on rsFC.

Effects of tDCS on functional connectivity

Despite the great heterogeneity in the rsFC analytical methods
used among studies included in this review, the data provided
converging evidence that tDCS is effective in modulating rsFC
in patients suffering from various kinds of neurological disor-
ders. For instance, rsFC was not only found to be modulated in
the local brain network where the electrodes were placed, but a
network that encompasses brain regions not directly stimulated
by the electrodes also exhibited alterations in rsFC. Consistent
with previous studies that investigated the rsFC effects of
tDCS in healthy individuals,® we demonstrated that tDCS is
capable of inducing network-based effects in patients with
various kinds of neurological disorders. Given that many neural
functions are supported by functional networks rather than a
particular brain region?’ and functional impairments among
people with neurological disorders are usually found to be
influenced by the disordered connectivity,!® the network mod-
ulatory effects engendered by tDCS can serve as an important
rationale that supports the clinical use of such neurostimula-
tion techniques. Regarding the clinical relevance of rsFC, of
the 9 papers that reported relevant data for analysis, the major-
ity of studies showed a significant correlation between rsFC
and clinical outcome changes. This observation lays a prelimi-
nary foundation for future studies to regard tDCS as a clini-
cally relevant and effective technique for the betterment of
patients with neurological disorders.

Possible physiological and biophysical mechanisms of
tDCS in functional connectivity modulation

As evident from the EEG studies, enhancement in local rsFFC
(ie, rsFC confined to the stimulated brain regions only)
induced by anodal tDCS were particularly reflected in the
higher frequency bands (ie, beta and gamma) but not in the
lower (ie, delta, theta, alpha) frequency bands, in which these
findings are in line with the results from previous studies in
healthy individuals during task-based FC studies®® and animal
studies.®® The rsFC enhancement particularly at the higher
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Figure 4. The relationship between tDCS current density and its modulatory effects on rsFC.
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Figure 5. The relationship between tDCS total stimulation time and its modulator effects on rsFC.

frequency bands might be an important finding supporting
the effects of anodal tDCS on local inhibitory network activ-
ity. Previous study reported that anodal tDCS applied over the
primary motor cortex reduce local gamma-aminobutyric acid
(GABA) concentration®” over the stimulated brain region, of
which GABA concentration was negatively correlated with
rsFC in the somatomotor network.3>8 Interestingly, synaptic
activities at the GABA type A (GABA,) receptors was found
to be positively associated with beta peak frequency® and
gamma power,’% but not for other frequency bands, in which

both beta/gamma peak frequency’! and gamma power’?
around the anodal electrode have been found to be reduced by
tDCS over the primary motor cortex. Importantly, our results
further show that the rsFC enhancement effect by anodal
tDCS does not limit to studies that applied anodal stimulation
over the primary motor cortex but those applying tDCS over
other brain regions (ie, prefrontal/occipital cortex). These
studies and our results collectively postulate that, anodal tDCS
suppresses local inhibitory synaptic network activity to bring
about network-level changes (ie, enhancement in rsFC).
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Figure 6. A funnel plot for the inspection of publication bias across
studies.

Further studies are warranted to validate the relationships
between GABA synaptic activity, beta/gamma oscillatory
power/frequency, rsF'C and anodal tDCS applied beyond the
primary motor cortex, the negative association between beta/
gamma power and peak frequency with beta/gamma func-
tional connectivity, as well as to investigate the physiological
mechanisms of cathodal tDCS stimulation.

Our review presented studies showing enhancements in the
resting-state networks that were functionally connected to the
stimulated brain region. For instance, stimulation in the pri-
mary motor cortex resulted in changes in rsF'C within the
somatomotor network,>* while stimulation at the IFG resulted
in changes in the dorsal attention network.>! In line with the
GABA hypothesis, increasing evidence, although limited to
the somatomotor network, has shown that tDCS could enhance
the connectivity of highly correlated brain regions that were
associated with the local GABA reduction at the stimulated
site.%%73 Surprisingly, all of the included studies showed the
enhancement of the DMN, a resting-state network that has
been found to be anti-correlated with task-based networks
such as the somatomotor and ventral/dorsal attention net-
works,”* regardless of the differences in tDCS protocol and
patients’ diagnoses between studies. It might be possible that
local beta/gamma oscillation enhancement modulates long-
range functional connectivity.” It might also be possible that
tDCS induces consistent electric fields not only limited to the
coverage of the electrodes but also far from the electrodes. A
computer simulation study that estimated the electrical field
changes for different montage placements also indicated that
the medial brain structures, where most of the key DMN
regions are situated,*»7¢ exhibited consistent strength and
direction of the electric field regardless of the mode of stimula-
tion and electrode placements whether it was placed at C3, C4,
F3, or F4.77 Furthermore, a recently published study has shown
that tDCS-induced changes in rsFC within and between net-
works appear to be related to the electric field strength over the
targeted brain regions.” Therefore, it is conceivable that that

the neuromodulatory effects on DMN may be results of the
electrical fields generated in the brain by tDCS over the
intended target. Future studies investigating spatial specificity
are needed to verify this speculation and to elucidate the com-
plex interaction between electrical field intensity and modula-

tion of rsFC by tDCS.

Factors contributing to the differential tDCS rsFC
effects

We inspected how current density and stimulation time affect
tDCS 1sFC outcomes by conducting meta-regressions and
showed that current density, but not total stimulation time
positively and linearly affect the rsFC effect by tDCS. In line
with the discussion that the electric field is associated with the
observed rsFC effects, given that the current density is directly
proportional to the electric field as defined by Ohm’s law
(J =0E ,where J represents the current density, E represents
the electrical field and o represents a material’s conductivity),
our observation from the scattered plot, that stimulation inten-
sity positively correlate with rsFC change, is theoretically valid.
However, a previous study has shown that individuals respond
to tDCS differently given the same current intensity,’® imply-
ing that the relationship between the electric field and current
density can be subject to interindividual variability (eg, thick-
ness of cortical bone, cortical folding??) and might not be
purely linear. Regarding stimulation time and rsFC, our obser-
vation echoed a behavioral study showing that repetitive tDCS
might not outperform single-session tDCS in terms of mem-
ory enhancement.”” Although it might be possible that total
stimulation might not modulate, at least linearly, tDCS effects,
a previous study has shown that the electrode size might play a
role in modulating the stimulation effect.8’ For instance, it was
reported the cumulative increase in cortical excitability was
seen only in participants stimulated with a larger, but not a
smaller electrode in their study. In addition, by qualitative anal-
ysis, mixed results were seen when cathodal stimulation was
used, although we cannot draw any conclusion because only 2
studies were available. It would be encouraging to revisit the
effects of stimulation type on rsFC effects regarding cathodal
stimulation when more studies are available.

Limitations

As planned, we conducted a systematic review to summarize the
current research trends in EEG and fMRI research that investi-
gates the effects of tDCS on functional connectivity among peo-
ple with neurological disorders. However, some limiting factors
hinder us from giving a firm conclusion regarding the effects of
tDCS in modulating rsFC. First, it should be noted that the
number of previously published papers relevant to this topic, as
well as for the respective brain diseases, is limited. Second, the
marked heterogeneity among available studies, including differ-
ences in clinical diagnoses and gender of participants, variations
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in study outcomes and methodological issues such as tDCS pro-
tocol, could mediate patients’ responses to tDCS. Third, as our
understanding of neurological disorders are still evolving, the
etiology of some disease groups included in our review (ie,
inflammatory bowel disorder*®) might not be considered strictly
neurological. Further empirical studies investigating tDCS
effects on rsF'C in brains with specific neurological diseases, how
gender difference mediates tDCS effects and how various tDCS
treatment protocols modulate the brains differentially, are war-
ranted to address these questions; due to the inherent variations
in brains with various neurological disorders, further studies on
healthy brains will also be helpful for us to understand the mod-
ulatory effects of tDCS on rsFC. In addition, the possible under-
estimation of the effect sizes for some studies in which P-values
could only be assumed for the calculation of effect sizes. We have
taken several measures to minimize such effects and to avoid
misinterpretation. For instance, we did not attempt to provide a
summary estimate of the effect; the forest plot we presented
showed the maximum confidence intervals (ie, 99%) of g for
each study. Moreover, incomplete reporting of some of the pri-
mary studies may pose another limitation. Although we have
contacted the authors of eligible studies to obtain additional
information on unreported or missing data, some research data
remained unavailable for our analyses. Specifically, between-
group rsFC differences were not reported in 3 of the primary
studies, we had to exclude these studies as a result. Additionally,
the analysis for clinical relevance was not completed as over 30%
of reports omitted the necessary data. To scrutinize this issue, we
suggest that future studies can minimize the risks of bias by
reporting both significant and nonsignificant results as planned
in the methods, as well as investigate and report the brain-
behavior relationship, which is particularly essential for the
development of advanced and effective evidence-based treat-
ments for the betterment of this group of patients.

Conclusion

To the best of our knowledge, this is the first systematic review
that investigates the tDCS effects on rsF'C among patients
with neurological disorders. Here we provide some evidence
that tDCS can enhance rsFC, which is correlated with func-
tional enhancements. Preliminary observations also support
that higher current density contribute to greater rsF'C changes.
We recommend that future studies could investigate the effect
of tDCS on rsFC, especially for cathodal stimulation. For cli-
nicians, we suggest that anodal stimulation at a higher stimula-
tion intensity, which is within the safety limit, might maximize
tDCS effects in modulating aberrant functional connectivity, a
shared problem among patients with different neurological
diagnoses that contribute to the manifestations of their physi-
cal/cognitive dysfunctions.
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