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ABSTRACT

Background: Major depressive disorder is the leading cause of mental health-related burden globally
and up to one-third of major depressive disorder patients never achieve remission. Transcranial Direct
Current Stimulation is a non-invasive intervention used to treat individuals diagnosed with major
depressive disorder and bipolar disorder. Since the last transcranial direct current stimulation review
specifically focusing on cognitive symptoms in major depressive disorder, twice as many papers have
been published.

Methods: A systematic review was conducted with 5 electronic databases from database inception
until March 21, 2022. Randomized controlled trials with at least 1 arm evaluating transcranial direct
current stimulation in adults (diagnosed with major depressive disorder or bipolar disorder using the
Diagnostic and Statistical Manual of Mental Disorders or International Classification of Diseases criteria)
aged 18 or older were included. Preferred Reporting Items for Systematic Reviews and Meta-Analyses
guidelines were adopted.

Results: A total of 972 participants were included across 14 studies (60.5% female; mean age of
47.0 years [SD=16.8]). Nine studies focused on participants with major depressive disorder and all
studies used the Diagnostic and Statistical Manual of Mental Disorders to diagnose the participants.
Seven out of the 14 studies showed significant improvements in at least 1 cognitive outcome measure in
the active transcranial direct current stimulation group compared to the sham group. Several cognitive
measures were used across studies, and 12 of the 14 studies reported mild-to-moderate side effects
from treatment.

Conclusion: Current transcranial direct current stimulation literature has shown limited evidence for
the treatment of cognitive impairments in major depressive disorder and bipolar disorder. Future
research that applies machine learning algorithms may enable us to distinguish responders from non-
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responders, increasing clinical benefits of transcranial direct current stimulation.

INTRODUCTION

Transcranial direct current stimulation (tDCS) is a
noninvasive neuromodulation intervention that applies a
low-intensity current over the scalp between 2 electrodes.’
Unlike other noninvasive brain stimulation interventions,
such as repetitive transcranial magnetic stimulation, tDCS
does not directly induce action potentials due to its low
voltage usage. Transcranial direct current stimulation has
been increasingly used and systematically investigated
over the last couple of decades.? The benefits of tDCS
include its ease of use, safety, absence of serious adverse
effects, cost-effectiveness, and the option for at-home
use,>’ such benefits are contrasted to other therapeutics,

such as electric-convulsive therapy, which not only treats
depression effectively but also has cognitive and physical
side effects.® This has led to tDCS being considered as
a clinical therapeutic for the treatment of psychiatric
disorders.

Major depressive disorder (MDD) is the leading cause of
mental health-related burden globally,” and one-third of
MDD patients do not achieve remission, even after using 3 or
more antidepressants.® Recent meta-analyses demonstrate
that tDCS is an effective treatment for MDD and superior in
improving depressive symptoms when compared to a sham
group.®'® Among mood disorders, bipolar disorder (BD) is
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also of clinical interest as it refers to a group of affective
disorders that involve episodes of depression and either
mania or hypomania.’ A 2017 meta-analysis found that
tDCS is also capable of significantly reducing depression
scores in BD patients.'?

Emerging evidence from brain imaging studies shows a link
between BD and neurocognitive impairment.' Moreover,
a meta-analysis recently showed that cognitive deficits
in the domain of selective attention, working memory,
and long-term memory persist after a major depressive
episode.™ Fortunately, in response to the aforementioned
challenges, tDCS is an alternative treatment that is
increasingly being investigated with benefits demonstrated
in improving cognitive performance, as well as depressive
symptoms in patients diagnosed with MDD and BD.'?
Ninghetto et al' reported on 2 patients with MDD who
received 6 sessions of tDCS treatment. Both patients
showed significant improvement in their depressive
symptoms as well as improved spatial attention. However,
cognitive functioning only improved in the first patient
and worsened in the second patient.' Additionally, a 2014
review puts forward that tDCS may improve some of the
cognitive deficits associated with MDD. "

Given the overall burden of MDD and BD, as well as the
potential clinical and therapeutic benefits of tDCS, the
aim of this systematic review is to update the most recent
reviews done for tDCS in specifically alleviating cognitive
symptoms in MDD''® diagnosed using the Diagnostic
and Statistical Manual of Mental Disorders (DSM) or
International Classification of Diseases (ICD) criteria. If
tDCS is demonstrated to be effective, this would address
a gap in treatment outcomes since cognitive dysfunction
in MDD was found to be the principal mediator for
occupational impairment, even in remitted states.™

MATERIALS AND METHODS

Guidelines from the 2020 Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) were
followed in the present systematic review.? This review
was registered with Open Science Framework (OSF) with
DOI 10.17605/0SF.I0/WCH9B.

MAIN POINTS

o Transcranial direct current stimulation (tDCS) is a non-
invasive, safe, and cost-effective treatment option for
patients with major depressive disorder (MDD) or bipolar
disorder (BD).

o Our systematic review found limited evidence that tDCS
is an effective treatment for cognitive impairments in
patients with MDD or BD. More high-quality research is
needed.

e Machine learning applications show promise in enabling
researchers and clinicians to predict which patients would
respond to tDCS treatment.

Search Strategy and Information Sources

The search strategy was informed by team discussion and
was created by a health sciences librarian (LD). The search
combined subject headings and keywords for 2 concepts:
transcranial direct current stimulation and depression.
The search was not limited by publication type, but animal
studies were removed wherever possible. Conference
abstracts were retrieved in Embase. No limits were placed
on language, country, or publication date.

The search was conducted from database inception until
March 21, 2022, in MEDLINE (Ovid Interface 1946-2022),
Embase (Ovid interface 1974-2022), APA PsycINFO (Ovid
Interface 1806-2022) CINAHL Plus with Full Text (EBSCO
host interface 1937-2022), and SCOPUS (1970-2022).
Reference lists of included articles and systematic reviews
were reviewed for additional studies. The full search
strategy is available in the Supplementary Table 1.

Eligibility Criteria

Only randomized placebo-controlled trials with at least
1 arm evaluating tDCS in adults aged 18 or older were
eligible for inclusion. Participants must have had a primary
diagnosis of either current or euthymic MDD or BD as
defined by the DSM or ICD criteria. The tDCS intervention
needed to have stimulation amplitude of at least 1 mA,
last for a minimum of 10 minutes per session, and consist
of no less than 3 sessions over 2 weeks. Cognition was
an outcome measured by the studies using a validated
psychometric scale. Only peer-reviewed articles written in
English or Arabic were included due to limited resources.
The full inclusion and exclusion criteria can be found in
Supplementary Table 1.

Data Screening and Extraction

All studies identified by the search were uploaded into the
Covidence software (https://www.covidence.org), where
duplicates were automatically removed. Two independent
reviewers screened the articles, first using titles and
abstracts, and then using the full-text article (Figure 1).
Conflicts were resolved by a third reviewer.

The data extraction form was informed by study team
discussion and created through Covidence. Data were
extracted independently by 2 reviewers. The 2 reviewers
resolved discrepancies through discussion and consensus.
The data extracted included treated disorder, method
of diagnosis, depression severity, cognitive assessments,
sample size, mean age and standard deviation, percent of
female participants, education level, medication status,
psychotherapy status, treatment setting, tDCS device
manufacturer, intervention protocol (i.e., electrode
placement, stimulation duration, frequency), comparator
groups, primary outcomes, dropouts, side effects, and
main results.
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Figure 1. PRISMA 2020 flow diagram

Risk of Bias Assessment

Two independent reviewers assessed the risk of bias for the
included studies. Discrepancies that arose were resolved
through discussion and consensus by the 2 reviewers.
Studies were not excluded based on the risk of bias.
Included articles were checked against their study protocol
wherever applicable.

Randomized controlled trials were assessed for bias using
The Revised Cochrane Collaboration’s tool for assessing
the risk of bias for randomized controlled trials in the
following 5 domains: randomization process, deviations
from the intended interventions, missing outcome data,
measurement of the outcome, and selection of the
reported result.? Each domain was graded as yes/probably
yes, no/probably no, or no information. These grades were
used to assess whether a study demonstrates a high, some,
or low risk of bias.

Synthesis of Results

Anarrative synthesis of the results was completed following
the Synthesis Without Meta-analysis methodology.?
Aggregate data was used for analysis with a focus on
response to cognitive assessments and are presented in

summary tables. Finally, the limitations of the synthesis
are discussed.

RESULTS

A total of 5002 studies were identified through the
database search and imported into Covidence where 2670
duplicates were automatically removed. The remaining
2332 studies were screened. Following the title/abstract
screening phase, an additional 2202 papers were excluded.
Of the remaining 130 studies assessed for eligibility, 116
were excluded. Fourteen articles were eligible for analysis
(Figure 1).

Study Design and Sample Characteristics

All 14 studies were randomized controlled clinical trials
published between 2010 and 2022, with a majority of
studies published during 2020 (5 studies; 36%). The studies
took place in 8 different countries, mostly conducted in
Australia (3 studies; 21%) or Brazil (3 studies; 21%) (Table 1).
The studies included a total of 972 participants, 60.5%
of whom were female, with mean ages ranging between
25.5 and 73.6 years old for a total mean age of 47.0
years [SD=16.8]. All of the studies used the DSM to
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Table 1. Sample and Study Characteristics

Number (%) of References (n=14)

Diagnosis
MDD current 8 (57.1%)
MDD euthymic 1(7.1%)
BD current 1(7.1%)
BD euthymic 1(7.1%)
MDD and BD current 3 (21.4%)
Method of diagnosis
DSM 14 (100.0%)
ICD 0 (0.0%)
Country of publication
Australia 3 (21.4%)
Brazil 3 (21.4%)
Canada 1(7.1%)
France 1(7.1%)
Germany 1(7.1%)
Iran 2 (14.3%)
Italy 2 (14.3%)
Korea 1(7.1%)
Year of publication
2010 1(7.1%)
2012 2 (14.3%)
2015 2 (14.3%)
2016 1(7.1%)
2017 2 (14.3%)
2020 5 (35.7%)
2022 1(7.1%)
Co-interventions
Sham 14 (100%)
Antidepressants 3 (21.4%)
Placebo 2 (14%)

BD, bipolar disorder; DSM, Diagnostic and Statistical Manual of Mental
Disorders; ICD, International Classification of Diseases; MDD, major
depressive disorder.

diagnose participants and assessed depressive and
manic symptoms using the following outcome measures:
Hamilton Depression Rating Scale (HDRS), Montgomery-
Asberg Depression Rating Scale (MADRS), Beck’s Depression
Inventory (BDI), Young Mania Rating Scale (YMRS),
Perceived Deficits Questionnaire-Depression (PDQ-D),
Inventory of Depressive Symptomatology (IDS), PANAS,
Quick Inventory of Depressive Symptomatology-Clini
cian rated (QIDS-C), and Quick Inventory of Depressive
Symptomatology-Self Reported (QIDS-SR). Four studies
only recruited participants with treatment-resistant
depression (TRD). One of the studies defined TRD as a
failure to respond to an adequate dose and duration of
1 antidepressant treatment,? 1 defined it as a failure to
respond to 1 antidepressant treatment for 2 weeks,* and
the other 2 papers defined it as a failure to respond to 2

or more antidepressants treatments.??¢ All but 2 studies
enrolled participants who were on antidepressants and
psychotropic medications during treatment.?*? Other
psychiatric medications used were benzodiazepines,
atypical antipsychotics, typical antipsychotics, lithium,
anticonvulsants (i.e., lamotrigine), mood stabilizers
(i.e., prophylaxis), and anxiolytics (see Tables 1 and
Supplementary Table 1 for sample characteristics).

Cognitive Measures

Forty-nine measures were used to assess the following
aspects of cognition: global cognitive function,
attention, processing speed, reaction time, motor speed,
concentration, executive functioning, decision-making,
verbal memory, visuospatial memory, working memory,
language, inhibitory control, visual perception, visual
scanning, verbal fluency, verbal learning, psychomotor
processing speed, emotion regulation, resilience, and
risk for dementia and other neurological alterations
(see Supplemnatary Table 1). Of the 49 measures, 13
demonstrated significant improvement following active
tDCS treatment compared to sham treatment.

Transcranial Direct Current Stimulation Protocols and
Main Outcomes

Stimulation frequency ranged from 10 to 30 sessions
of tDCS over 2 to 10 weeks. All studies administered 1
tDCS treatment session per day, except 2 studies that
administered tDCS twice per day.?># The intervention
parameters ranged between a stimulation amplitude of 1-
and 2.5 mA for a total of 20-30 minutes. All of the studies
placed the anode electrodes on the left dorsolateral
prefrontal cortex (DLPFC) and the majority placed the
cathode electrodes on the right DLPFC (8 studies, 57%)*?"
33 (see Table 2 Study Interventions).

Seven of 14 studies observed significant improvement
in at least 1 cognitive outcome measure in the active
tDCS group compared to the sham group.232427,31,34-3¢6
The cognitive measures that demonstrated significant
improvement following active tDCS treatment assessed
memory, attention, processing speed, verbal fluency,
psychomotor speed, and cognitive impairments. Two out
of the 7 studies only recruited euthymic MDD or BD3*
patients. Out of the 4 studies that only recruited TRD
patients, the 2 that defined treatment resistance as
failure to respond to 1 antidepressant treatment observed
significant improvement in at least 1 outcome in the active
tDCS group.2324

Most of the reported side effects were transient and mild
to moderate in intensity. The most frequently reported
side effects were skin redness, blurred vision, burning
sensation around the electrode site, dizziness/light-head
edness, fatigue, headaches, itching, nausea, ringing in the
ears, and tingling. During the course of treatment, 6 of
the studies reported a total of 12 episodes of hypomania/
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§ % o < participants with the most treatment sessions across the 7
= on =8 o b studies with 22 sessions* and 15 sessions.3' Similarly, FAS
s § g"ié § (measure of verbal fluency) was used by 2 studies*"** and
s & 229 g g the 1 with the most treatment sessions (22 sessions) noted
- = N P . .
g ] 29 c je significant improvement.3' This may suggest that more
[l 3] . . X .
g % 55 P treatment sessions are required to see improvements in
= 2 £28¢8 © the TMT and FAS measures of cognition.
[J]
E = - é Conversely, significant improvement in the RAVLT test
© .
"j = e 28 g (measures of short-term, working, and long-term memory)
o gg Sz £ ; A was only observed in 1 out of 3 studies?®*3 with the
=y S § §§ §§ E lowest number of treatment sessions (10 sessions) and
[ R — — N~ a stimulation amplitude (1 mA).3 Choice reaction-time test
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Figure 2. Article assessment using Revised Cochrane Collaboration’s Tool for Assessing Risk of Bias in randomized control trials

(measure of attention and motor speed) showed significant
improvement in 1% out of 3 studies.?”’?3¢ The one study?
that saw significant improvement in CRT did not differ
greatly in intervention or participant characteristics when
compared to the other 2 studies.?:3¢

Due to the high degree of heterogeneity among the
included studies, our ability to draw confident conclusions
on the efficacy of tDCS in improving cognition is limited.
Heterogeneity is presented as a varying number in the
frequency of treatment sessions, a large array of cognitive
measures used, and the different patient populations

included. Moreover, the effectiveness of tDCS may be
underestimated due to the allowance of continued
benzodiazepine use during at least 8 of the studies.
A 2013 naturalistic study found that patients treated
for MDD using tDCS performed worse with concurrent
benzodiazepines when compared to participants who were
not on benzodiazepines.”

Transcranial Direct Current Stimulation treatment
appears to be safe with moderate-to-mild transient
symptoms. The most severe risk associated with tDCS
treatment is the onset of treatment-emergent episodes
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Table 3. Study Outcome and Main Results

Study
Author and
Country

Bennabi
et al (2015),
France

Primary

MMSE, TMT A, TMT B, COT,
IST, MIS, DO 30=no
significant improvements.

Drop Out

One participant
dropped out of the
active tDCS group
because they
experienced mania.

QOutcome
Side Effects

Skin redness and burning/
heating sensation around
the electrode site. One
case of mania.

Main Conclusion

No clinically significant effects were
observed in the active tDCS group
compared to the sham tDCS group based
on the HDRS-21, MADRS, and all cognitive
measures. Limitations include small
sample size and the fact that all patients
were taking psychotropic medications.

Bersani et al
(2017), Italy

TMT B,

RCFT-DR =significant
improvements.

TMT A, WCST, RCFT=no
significant improvements.

No dropouts

Transient migraine and
burning sensation around
electrode site.

Clinically significant improvements in
executive functioning and visuospatial
memory were observed in the active tDCS
group compared to the sham group using
the TMT-B and RCFT-DR cognitive tests,
respectively. Limitations include the fact
that all patients had to be on a stable
psychopharmacological treatment and the
presence of practice effects with repeated
neuropsychological assessments.

improvements.

unwell, no
improvement, travel
difficulties, busy,
switched to a different
trial, travel difficulties,
side effects).

Five participants
dropped out of the
sham tDCS group (busy,
headaches, personal
reasons, surgery,
became hypermanic).

heating sensation, pain,
and pulsing at electrode
site, as well as headaches,
dizziness/light-headednes
s, fatigue, nausea, blurred
vision, neck soreness,
visual effects when close
eyes, seeing dots in the
periphery, giddiness, flaky
skin, watery eyes, a
feeling of being “spaced
out,” shakiness, right ear
ache, ringing in ears,
twitching of right arm,
stiffness in neck and
shoulders, tingling on
neck, tingling on tongue, a
“funny feeling” in head,
facial numbness, reflux,
and one case of
hypomania.

Brunoni MOCA, DSF, DSB, StW, Active +Sertraline=3 Skin redness, hypomania Cognitive improvement was observed in all
et al (2016), | StIC, TMT-A, MMSE, StC, dropouts. (5 episodes), and clinical the tests, except the StC and the MMSE,
Brazil TMT-B =no significant Active +Placebo=4 mania (2 episodes). regardless of the intervention and
improvements. dropouts. depression improvement. Limitations
Sham +Sertraline=6 include the poor sensitivity of
dropouts. neuropsychological tests used, possible
Sham +Placebo= 4 ceiling effects observed in the sample,
dropouts. confined time point assessments, and
differences in electrode placement.
Kumar et al, | 1-back=significant Three participants Headache, nausea, The active tDCS group performed better
2020, improvement dropped out from the | dizziness, fatigue, on the 1-back test compared to the sham
Canada 2-back, 3-back, BNT, sham tDCS group disrupted sleep, mood group during the 90-day follow up. No
BVMT, CDT, (travel difficulties symptoms, and treatment | other differences on cognitive scales were
COWAT-FAS, CPT, CVLT, (n=1) and depression | site discomfort, redness, observed between the intervention
DSF, DSB, StC, StCW, relapse (n=2)). burning sensation, tingling, | groups. Limitations include small sample
TMT-A, TMT B=no and itching. size, having no immediate assessments of
significant improvements. the intervention, the use of composite
scores for global cognition, heterogeneous
sample, and the lack of control for
antidepressants.
Loo et al RAVLT, DSF, DSB, StIC, Seven participants Transient and mild-to- After a single session of active, but not
(2012), COWAT, LNSWAIS, SRT, CRT, | dropped out of the moderate skin redness, sham, tDCS significant improvement on
Australia SDMT =no significant active tDCS group (too | tingling, itching, burning/ | the SDMT was observed (measure of

attention and working memory). By the
end of treatment, there was no decline in
neuropsychological functioning across the
measures for either intervention. A
limitation of this study is the concurrent
use of antidepressants.

(Continued)
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Table 3. Study Outcome and Main Results (Continued)

Study

Author and
Country

QOutcome

Side Effects

Main Conclusion

2&7 Total accuracy t
score, D-KEFS, CFQ,
DS=no significant
improvements.

Bipolar group:

CVLT-1l, SDMT, Ruff 2&7
Total speed t score, Ruff
2&7 Total accuracy t
score, D-KEFS, CFQ,
DS=no significant
improvements.

and tingling.

Loo et al RAVLT =significant One participant Mild-to-moderate skin The active tDCS group showed significant
(2010), improvements. withdrew from the redness, itchiness, pulsing, | improvement on the RAVLT compared to
Australia active group due to and tingling at electrode the sham group after 5 sessions. A
TMT A, DSF, COWAT, SDMT, | feeling unwell. site, as well as mild limitation of the study is the short
SRT, CRT =no significant nausea, headache, duration of the sham treatment.
improvements. Four participants light-headedness, ringing
withdrew from sham in the ears, blurred vision,
group due to feeling clearer vision, brighter/
unwell, and 1 patient | illuminated vision, tingling
died by suicide. in face/body, alleviation of
neuropathic pain, reduced
concentration, slight
eyelid jolt, nausea,
euphoria, disorientation,
tiredness, constriction
when swallowing,
insomnia, anxiety, and
transient hypomania in one
participant.
McClintock | Unipolar group: Active =14 dropouts. Blurred vision, burning, Improvements in verbal learning and
et al (2020), fatigue, headache, itching, | recall, selective attention, information
USA & CVLT-Il, SDMT, Ruff 2&7 Sham=12 dropouts. light-headedness/dizzines | processing speed, and working memory
Australia Total speed t score, Ruff s, nausea, pain, redness, were observed in both high- and low-dose

tDCS conditions. Limitations include the
absence of a true sham group, small
sample size, and the limited
neurocognitive battery assessment.

Moreno et al

DSC, DSF, DSB=no

42 dropouts.

Skin redness, tinnitus,

Patients who were treated with tDCS

when tap water was used.
No more skin lesions were
observed when physiologic
saline solution was used
instead.

(2020), significant improvements. nervousness, and new- demonstrated increased performance in
Brazil onset mania developed in | verbal fluency and reduced practice gains
TMT-A, TMT-B, MOCA, FAS, 2 patients in the active when compared to the placebo group. No
Processing Speed tDCS group. group presented with cognitive worsening.
(z-score), Verbal Fluency Limitations include low sensitivity in the
(z-score), Working Memory neurocognitive assessments, lack of
(z-score) =significant healthy control group, and confined
improvements. electrode placement configurations.
Oh et al CERQ=not reported. Nine dropouts from the | Mild headache and a mild | No clinically significant effects on
(2022), active tDCS group (poor | electrical burn were cognitive functioning were observed in the
Korea MMSE = no significant compliance, electric- reported in the active tDCS | active tDCS group compared to the sham
improvement. burn) and 4 dropouts group. tDCS. Limitations include concomitant use
from the sham group of medications with treatment, risk of
(poor compliance). type Il error in depression symptom
assessments, difference in sex ratio
between groups, and potential bias
relating to enrollment and drop out.
Palm et al | VLMT, LNSWAIS, RWT=no | Two dropped out Slight headaches, itching | No clinically significant effects were
(2012), significant improvement. | because of personal skin sensations, skin observed in the active tDCS group
Germany reasons. lesions under the cathode | compared to the sham tDCS in measures of

verbal learning, verbal fluency, and
working memory. Limitations include small
sample size, lack of randomization for
current strengths, and potential carry over

effects from the cross-over design.

(Continued)
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Table 3. Study Outcome and Main Results (Continued)

Study Outcome
AT I Side Effects Main Conclusion
Country
Salehinejad | PAL (memory scores/ NR NR Active tDCS treatment improved executive
et al (2017), | error), SRM (% correct/ dysfunction in patients. Limitations
Iran latency), RVP (latency), include the lack of long-term follow up
CRT (latency/% correct/ and low-focality of tDCS which may have
error) =significant stimulated other unintended areas.
improvements.
Salehinejad | DMS (correct/latency), NR NR Clinically significant improvements were
et al (2015), | PRM immediate phase observed in measures of visuospatial
Iran (corrects/latency), PRM memory following 10 active tDCS
delay phase treatment sessions. Limitations include
(corrects) =significant lack of long-term follow up and small
improvements. sample size.
PRM delay phase
(latency) =no significant
improvement.
Tortella RAVLT, LMT, FAS, BDT, StC, | Four participants Skin redness, 9 cases of No clinically significant effects were
et al (2020), | StW, StIC, DSF, DSB, dropped out of the treatment-emergent observed in the active tDCS group
Brazil TMT-A, TMT-B, DSC=no active tDCS group (3 affective switches episodes | compared to the sham tDCS in any of the
significant improvements. | due to excessive visits | throughout the trial (5in | cognitive measures. A limitation of the
missed and 1 due to the sham and 4 in the study is the use of a small sample.
personal reasons). active group).
Three participants
dropped out of the
sham tDCS group due
to excessive visits
missed.
Zanardi MODA =significant Zero dropouts. Redness, burning The active treatment arms showed
et al (2020), | improvement in active sensation, itching, significant improvement on the MODA
Italy arms (groups | and ). tingling, headache, and compared to the sham group. Limitations
pain. include the use of a non-specific cognitive
measure, non-homogeneous previous
psychopharmacological treatments among
participants, and the use of a sham
protocol which only included one daily
session.

BDT, block design test; BNT, Boston naming test; BVMT, brief visuospatial memory test; CDT, clock drawing test; CERQ, cognitive emotion
regulation questionnaire; CFQ, cognitive failures questionnaire; COT, crossing off test; COWAT, controlled oral word association test; COWAT-
FAS, controlled oral word association test-letters verbal fluency test; CPT, continuous performance test; CRT, choice reaction-time test;
CVLT-Il, California verbal learning test-ll; CVLT, California verbal learning test; D-KEFS, Delis-Kaplan executive function system; DMS, delayed
matching to sample; Do 30, picture naming test; DS, digit span test (Wechsler Adult Intelligence Scale-1V); DSB, digit span backward (Wechsler
Adult Intelligence Scale-lll); DSC, digit-symbol coding test (Wechsler Adult Intelligence Scale-lll); DSF, digit span forward (Wechsler Adult
Intelligence Scale-lll); FAS, verbal fluency test; HDRS-21, Hamilton Depression Rating Scale 21 item version; IST, Isaacs set test; LMT, logic
memory test; LNSWAIS, letter number sequencing task of the Wechsler adult intelligence scale; MADRS, Montgomery-Asberg depression rating
scale; MIS, memory impairment screen; MMSE, mini-mental state examination; MOCA, Montreal cognitive assessment; MODA, Milan overall
dementia assessment; NR, not reported; PAL, paired associates learning; PRM, pattern recognition memory; RAVLT, Rey auditory verbal learning
test; RCFT-DR, Rey complex figure test delay recall; RCFT, Rey complex figure test; RVP, rapid visual information processing; RWT, Regensburg
word fluency test; SDMT, symbol digit modalities test; SRM, spatial recognition memory; SRT, simple reaction-time test; StC, Stroop color test;
StCW, Stroop color-word test; StIC, Stroop interference test; StW, Stroop word test; tDCS, transcranial Direct Current Stimulation; TMT-A, Trail
Making Test Part A; TMT-B, Trail Making Test Part B; VLMT, verbal learning memory test; WCST, Wisconsin card sorting test.

of hypomania/mania. A 2018 review found that tDCS-
induced hypomania is a rare occurrence and is associated
with high stimulation amplitude (2 mA or higher),
20-30-minute treatment sessions, and a diagnosis of
BD.3® All the studies included in our review administered
20-30-minute treatment sessions, and all but one
study used a stimulation amplitude of 2 mA or more,

yet the occurrence of treatment-emergent episodes
of hypomania/mania and affective switching did not
exceed 2% suggesting that even with high-intensity tDCS
treatment, the risk of mania remains low.

More research and analysis of individual patient data across
a large data set is needed to improve our understanding of
the effectiveness of tDCS in improving cognitive outcomes.
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Such methods will also help to define optimal stimulation
parameters for individual patients. In recent years, there
has been a shift toward alternative techniques when
analyzing clinical trial data such as machine learning (ML)
approaches. Machine learning, whether supervised or
unsupervised, is a powerful approach that is more sensitive
to real-world data because it focuses on individual cases
as opposed to group-level analyses.’* Meta-analyses, on
the other hand, take advantage of forest plots which
are useful for summarizing data in aggregate, but they
still use measures of central tendency so trends at the
individual level will not be optimally captured. Due to the
high heterogeneity in the literature when assessing the
effectiveness of tDCS in improving cognition in MDD and BD
patients, the feasibility of ML approaches to data analysis
needs to be considered as a next step.

A study by Al-Kaysi et al used an ML algorithm to predict
improvement in mood and cognition following tDCS, based
on the spectral power of baseline electroencephalography
(EEG) in a sample diagnosed with MDD.® The study
successfully classified responders and non-responders
in cognitive improvement with 92% accuracy based on
pre-intervention EEG measurements. This evidence
demonstrates the unique advantage of using EEG and
ML technology for the early identification of participant
responders to tDCS treatment, which will help avoid
treatment delays and save time for staff and resources going
forward. If patients are stratified based on pre-intervention
EEG information prior to the start of treatment, this will
potentially have positive implications for future tDCS cost-
benefit analyses. Although previous tDCS-related meta-
analyses show mixed results for improving cognition,®
this study suggests that groups can be heterogeneous and
that a further individual-level analysis is required. Future
studies need to increase the sample size to at least 50 for
follow-up replication studies.*

Future Directions

Previous meta-analyses do not strongly support the
effectiveness of tDCS for improving cognition,”™ but
the majority of studies published so far lack a thorough
exploration of nonlinear effects and individual differences
in modeling and ML. Petrovskaya and colleagues*
conducted a tDCS study with a healthy sample and noted
several important observations. The results from the
study“! indicate that individual differences are an essential
parameter to include in the current study and also future
tDCS replication studies. Study authors note that more
sensitive measures of tDCS cognition and neural effects can
be implemented, such as resting state connectivity,* GABA
and glutamate concentrations,* and cerebral blood flow.*
Performing within-subject analyses is a crucial step toward
the personalization of treatment. By only relying on group-
level analysis, we may be limiting the true effectiveness of
tDCS by not considering which sample characteristics tend

toward more favorable treatment outcomes at varying
intervention intensities.

Applying ML approaches to tDCS clinical trial data is highly
novel and emerging at this point. The studies, discussed
above, indicate potential benefits in cost-effectiveness,
and the overall move toward precision health.* There
is also a need for more specific training in terms of best
practices surrounding the parameters and protocols of
tDCS as an intervention. This will help to ensure that
future replication trials using ML techniques have a lower
rating of bias, which will then set up future meta-analyses
with more adequately powered studies.

Limitations

This review considered a range of evidence that affect
treatment outcomesin tDCS. There areseveralvariables that
will impact adult outcomes for psychiatric interventions.
One notable variable is large-scale events such as pandemic
illnesses (i.e., SARS-CoV-2-pandemic), which have been
linked to increases in depressive symptoms for all sexes
and genders.* Given the evidence collected in this review,
it was not possible to assess the impact of events such
as COVID-19, since most of the studies were done pre-
pandemic and no specific analysis across included studies
accounted for this. Also, the degree of heterogeneity in
methodology across studies was high and with the given
data available, a meta-analysis was not possible for the
study to quantitatively assess the effectiveness of tDCS for
improving adult cognitive outcomes.

CONCLUSION

Our review provides the most recent evidence reporting on
the efficacy of tDCS for improving cognitive outcomes in
MDD and BD. Seven out of the 14 studies showed significant
improvements in at least 1 cognitive outcome measure
in the active tDCS group compared to the sham group.
The evidence for cognitive changes overall, however, is
mixed and so further work is needed to assess efficacy
on an individual level. Generally speaking, tDCS is safe
as a technique with mild transient side effects, but issues
around accessibility and standards around parameters for
the intervention need further work. Recent technological
advancements have shown promise for ML techniques,
which take advantage of individual-level real-world data
analyses. Machine learning applications have the potential
to improve the cost-benefit ratio in identifying responders
and non-responders as well as helping us further understand
the mechanism of tDCS as a brain stimulation technique.
Data Access Statement: Data from this manuscript can be
found in the tables, figures, and supplementary materials.

Peer-review: Externally peer-reviewed.

Author Contributions: Concept - A.G., B.C., Y.Z., M.D.,
S.D., R.S.; Design - J.J., H.A., R.M., J.S., R.S., TM.,, A.G.,
B.C., Y.Z., M.D., S.D., L.D., R.S.; Supervision - A.G., B.C.,

34



342

Jin et al. Effect of tDCS on Cognitive Deficits in Depression

Y.Z., M.D., S.D., R.S.; Materials - R.S.; Data Collection and/or
Processing - J.J., H.A., R.M., J.S., R.S., T.M., M.D., L.D., R.S.;
Analysis and/or Interpretation - J.J., H.A., A.G., B.C., S.D.;
Literature Search - J.J., H.A., R.M., J.S., R.S., TM., M.D.,
L.D., R.S.; Writing - J.J., H.A.; Critical Review - J.J., H.A.,
A.G., B.C., Y.Z., M.D., S.D.

Acknowledgments: We acknowledge the support of
Jessica Li, at the University of Alberta, for assistance and con-
sultation regarding the synthesis of results.

Declaration of Interests: The authors have no conflict of
interest to declare.

Funding: This work was supported by funding from the
Canadian Institutes of Health Research (CG Scholarship to JJ)
and the Alberta Innovates Graduate Student Scholarship
(AI-GSS).

REFERENCES

1. Dondé CD, Neufeld NH, Geoffroy PA. The impact of tran-
scranial direct current stimulation (tDCS) on bipolar
depression, mania, and Euthymia: A systematic review
of preliminary data. Psychiatr Q. 2018;89(4):855-867.
[CrossRef]

2. Priori A, Berardelli A, Rona S, Accornero N, Manfredi M.
Polarization of the human motor cortex through the
scalp. NeuroReport. 1998;9(10):2257-2260. [CrossRef]

3.  Bennabi D, Haffen E. Transcranial direct current stimula-
tion (tDCS): A promising treatment for major depressive
disorder? Brain Sci. 2018;8(5):81. [CrossRef]

4.  Brunoni AR, Sampaio-Junior B, Moffa AH, et al. Noninva-
sive brain stimulation in psychiatric disorders: A primer.
Braz J Psychiatry. 2019;41(1):70-81. [CrossRef]

5.  Woodham R, Rimmer RM, Mutz J, Fu CHY. Is tDCS a
potential first line treatment for major depression? Int
Rev Psychiatry. 2021;33(3):250-265. [CrossRef]

6. Argyelan M, Lencz T, Kang S, et al. ECT-induced
cognitive side effects are associated with hippocampal
enlargement.  Transl  Psychiatry. 2021;11(1):516.
[CrossRef]

7. Patel V, Chisholm D, Parikh R, et al. Addressing the
burden of mental, neurological, and substance use dis-
orders: Key messages from Disease Control Priorities,
3rd edition. Lancet. 2016;387(10028):1672-1685.
[CrossRef]

8.  Nemeroff CB. Prevalence and management of treatment-
resistant depression. J Clin Psychiatry. 2007;68(suppl 8):
17-25.

9.  Brunoni AR, Moffa AH, Fregni F, et al. Transcranial direct
current stimulation for acute major depressive episodes:
Meta-analysis of individual patient data. Br J Psychiatry.
2016;208(6):522-531. [CrossRef]

10. Mutz J, Vipulananthan V, Carter B, Hurlemann R, Fu CHY,
Young AH. Comparative efficacy and acceptability of
non-surgical brain stimulation for the acute treatment
of major depressive episodes in adults: Systematic
review and network meta-analysis. BMJ. 2019;364:11079.
[CrossRef]

11. Phillips ML, Kupfer DJ. Bipolar disorder diagnosis: Chal-
lenges and future directions. Lancet. 2013;381(9878):
1663-1671. [CrossRef]

12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

Dondé C, Amad A, Nieto |, et al. Transcranial direct-
current stimulation (tDCS) for bipolar depression:
A systematic review and meta-analysis. Prog Neuropsy-
chopharmacol Biol Psychiatry. 2017;78(78):123-131.
[CrossRef]

Van Rheenen TE, Lewandowski KE, Bauer IE, et al. Cur-
rent understandings of the trajectory and emerging cor-
relates of cognitive impairment in bipolar disorder: An
overview of evidence. Bipolar Disord. 2020;22(1):13-27.
[CrossRef]

Semkovska M, Quinlivan L, O'Grady T, et al. Cognitive
function following a major depressive episode: A system-
atic review and meta-analysis. Lancet Psychiatry. 2019;
6(10):851-861. [CrossRef]

Ninghetto M, Gammeri R, Miccolis R, Nobili M, Salatino A,
Ricci R. Effects of Repeated Sessions of Transcranial
Direct Current Stimulation on Major Depressive Disorder
and Cognition. J ECT. 2019;35(3):e32-e33. [CrossRef]
Mondino M, Bennabi D, Poulet E, Galvao F, Brunelin J,
Haffen E. Can transcranial direct current stimulation
(tDCS) alleviate symptoms and improve cognition in psy-
chiatricdisorders? WorldJ Biol Psychiatry.2014;15(4):261-
275. [CrossRef]

Begemann MJ, Brand BA, Curci¢-Blake B, Aleman A, Som-
mer |E. Efficacy of non-invasive brain stimulation on
cognitive functioning in brain disorders: A meta-analysis.
Psychol Med. 2020;50(15):2465-2486. [CrossRef]

Martin DM, Moffa A, Nikolin S, et al. Cognitive effects of
transcranial direct current stimulation treatment in
patients with major depressive disorder: An individual
patient data meta-analysis of randomised, sham-con-
trolled trials. Neurosci Biobehav Rev. 2018;90:137-145.
[CrossRef]

Woo YS, Rosenblat JD, Kakar R, Bahk WM, Mcintyre RS.
Cognitive deficits as a mediator of poor occupational
function in remitted major depressive disorder patients.
Clin Psychopharmacol Neurosci. 2016;14(1):1-16. [CrossRef]
Page MJ, McKenzie JE, Bossuyt PM, et al. The PRISMA
2020 statement: An updated guideline for reporting sys-
tematic reviews. Int J Surg. 2021;88:105906. [CrossRef]
Sterne JAC, Savovic¢ J, Page MJ, et al. RoB 2: A revised
tool for assessing risk of bias in randomised trials. BMJ.
2019;366:14898. [CrossRef]

Campbell M, McKenzie JE, Sowden A, et al. Synthesis
without meta-analysis (SWiM) in systematic reviews:
Reporting guideline. BMJ. 2020;368:16890. [CrossRef]
Zanardi R, Poletti S, Prestifilippo D, Attanasio F,
Barbini B, Colombo C. Transcranial direct current
stimulation: A novel approach in the treatment of vas-
cular depression. Brain Stimul. 2020;13(6):1559-1565.
[CrossRef]

Salehinejad MA, Rostami R, Ghanavati E. Transcranial
direct current stimulation of dorsolateral prefrontal cor-
tex of major depression: Improving visual working mem-
ory, reducing depressive symptoms. NeuroRegulation.
2015;2(1):37-49. [CrossRef]

Bennabi D, Nicolier M, Monnin J, et al. Pilot study of
feasibility of the effect of treatment with tDCS in
patients suffering from treatment-resistant depression
treated with escitalopram. Clin Neurophysiol. 2015;
126(6):1185-1189. [CrossRef]



Psychiatry Clin Psychopharmacol. 2023;33(4):330-343

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Palm U, Schiller C, Fintescu Z, et al. Transcranial direct
current stimulation in treatment resistant depression:
A randomized double-blind, placebo-controlled study.
Brain Stimul. 2012;5(3):242-251. [CrossRef]
Salehinejad MA, Ghanavai E, Rostami R, Nejati V. Cogni-
tive control dysfunction in emotion dysregulation and
psychopathology of major depression (MD): Evidence
from transcranial brain stimulation of the dorsolateral
prefrontal cortex (DLPFC). J Affect Disord. 2017;210:241-
248. [CrossRef]

Brunoni AR, Tortella G, Bensenor IM, Lotufo PA, Car-
valho AF, Fregni F. Cognitive effects of transcranial
direct current stimulation in depression: Results from
the SELECT-TDCS trial and insights for further clinical
trials. J Affect Disord. 2016;202:46-52. [CrossRef]

Loo CK, Alonzo A, Martin D, Mitchell PB, Galvez V, Sach-
dev P. Transcranial direct current stimulation for depres-
sion: 3-week, randomised, sham-controlled trial. Br J
Psychiatry. 2012;200(1):52-59. [CrossRef]

McClintock SM, Martin DM, Lisanby SH, et al. Neurocog-
nitive effects of transcranial direct current stimulation
(tDCS) in unipolar and bipolar depression: Findings from
an international randomized controlled trial. Depress
Anxiety. 2020;37(3):261-272. [CrossRef]

Moreno ML, Goerigk SA, Bertola L, et al. Cognitive changes
after tDCS and escitalopram treatment in major depres-
sive disorder: Results from the placebo-controlled ELECT-
TDCS trial. J Affect Disord. 2020;263:344-352. [CrossRef]
Oh J, Jang KI, Jeon S, Chae JH. Effect of self-adminis-
tered transcranial direct stimulation in patients with
major depressive disorder: A randomized, single-blinded
clinical trial. Clin Psychopharmacol Neurosci. 2022;
20(1):87-96. [CrossRef]

Tortella G, Sampaio-Junior B, Moreno ML, et al. Cogni-
tive outcomes of the bipolar depression electrical
treatment trial (BETTER): A randomized, double-blind,
sham-controlled study. Eur Arch Psychiatry Clin Neuro-
sci. 2021;271(1):93-100. [CrossRef]

Bersani FS, Minichino A, Bernabei L, et al. Prefronto-
cerebellar tDCS enhances neurocognition in euthymic
bipolar patients. Findings from a placebo-controlled
neuropsychological and psychophysiological investiga-
tion. J Affect Disord. 2017;209:262-269. [CrossRef]
Kumar S, Batist J, Ghazala Z, et al. Effects of bilateral
transcranial direct current stimulation on working
memory and global cognition in older patients with

36.

37.

38.

39.

40.

41.

42.

43,

44,

45.

46.

remitted major depression: A pilot randomized clinical
trial. Int J Geriatr Psychiatry. 2020;35(10):1233-1242.
[CrossRef]

Loo CK, Sachdev P, Martin D, et al. A double-blind, sham-
controlled trial of transcranial direct current stimulation
for the treatment of depression. Int J Neuropsychophar-
macol. 2010;13(1):61-69. [CrossRef]

Brunoni AR, Ferrucci R, Bortolomasi M, et al. Interac-
tions between transcranial direct current stimulation
(tDCS) and pharmacological interventions in the Major
Depressive Episode: Findings from a naturalistic study.
Eur Psychiatry. 2013;28(6):356-361. [CrossRef]

Gupta A, Adnan M. Hypomania risk in noninvasive brain
stimulation. Cureus. 2018;10(2):e2204. [CrossRef]
Zame WR, Bica I, Shen C, et al. Machine learning for
clinical trials in the era of COVID-19. Stat Biopharm Res.
2020;12(4):506-517. [CrossRef]

Al-Kaysi AM, Al-Ani A, Loo CK, et al. Predicting tDCS
treatment outcomes of patients with major depressive
disorder using automated EEG classification. J Affect
Disord. 2017;208:597-603. [CrossRef]

Petrovskaya A, Kirillov B, Asmolova A, Galli G, Feurra M,
Medvedeva A. Examining the effects of transcranial
direct current stimulation on human episodic memory
with machine learning. PLOS ONE. 2020;15(12):e0235179.
[CrossRef]

Bachtiar V, Near J, Johansen-Berg H, Stagg CJ. Modula-
tion of GABA and resting state functional connectivity
by transcranial direct current stimulation. eLife. 2015;
4:e08789. [CrossRef]

Stagg CJ, Bachtiar V, Amadi U, et al. Local GABA con-
centration is related to network-level resting functional
connectivity. eLife. 2014;3:e01465. [CrossRef]
Paquette C, Sidel M, Radinska BA, Soucy JP, Thiel A.
Bilateral transcranial direct current stimulation modu-
lates activation-induced regional blood flow changes
during voluntary movement. J Cereb Blood Flow Metab.
2011;31(10):2086-2095. [CrossRef]

Gambhir SS, Ge TJ, Vermesh O, Spitler R. Toward achiev-
ing precision health. Sci Transl Med. 2018;10(430):
eaao3612. [CrossRef]

Seens H, Modarresi S, Fraser J, MacDermid JC, Wal-
ton DM, Grewal R. The role of sex and gender in the
changing levels of anxiety and depression during the
COVID-19 pandemic: A cross-sectional study. Womens
Health (Lond). 2021;17:17455065211062964. [CrossRef]

343



(panut3uo))

(£°€)0°91 =weys
(£'%)9°p L =aA1dY
YS-Said
(5°7)6°vL =weys
140 (G°€)€°GL =AY
1S -5aI0
‘Lwas (°£)L°GE =wreys
‘SIVMSN1 (9°6)9°9€ =aA12Y
IVMOD sl
ons (0°6)G"67 =wreys ejensny
%0°8Y =ureys (9°71)9°8 =weys L€ =weys ‘asa (0°9)¥°0€ =aA132Y jua.Ln) ‘710t
UN SOA N %0° G =9ALY (G°21)8" Ly =9A132Y €€ =9AIDY 450 LIAVY (SYAYW | IINTI'W AI-WSa ‘aagw | ‘1e 3L 0o
g IWL
‘VIWL
‘MDIS
915
‘asa
4sa
1A
‘Ldd
‘SV4-LYMOD
1ad
LWAG epeue)
(1771791 =weys %009 =weys (8°6)£"99 =ureys Gl =weys ‘INg (1°€) €' =weys SlwAYINg | ‘0Z0T 1B 39
AN SOA (8°7)Z°G1 =2A1dY %0°7L =9ALIY (8°6)€°99 =2A10Y 81 =9ALDY “foeg-N (6°7) 8'7 =213V :SYAYW ais ‘AI-wsa ‘aaw Jewny
0%)9vL (0°ZV0’ Ly "g-LWL
=3ulel)IaS+Weys =aul|elas+weys ‘V-1WL
(0°v)0€L 01y 9y 2ns
=0qade|d+Weys =0gade|d+Wweys ‘MIS | (0°9)G°0€ =dule.IaS+WeyS
(0'P)0°L | %0°9G =duleulIas+weys (0°€V0" Ly 0€ =dUuljelIas+weys 08 (£°6)0° L€ =0gade|d+Wweys
=3UL1RIIISS+IALIIY %0°L9 =0q30e)d+LWeys =3UL|RIISS+IALDY 0€ =0qade|d+Weys ‘a5a | (0°2)L°0€ =3Ul|eI}ISS+IA1DY \izeig
(0°€)S°EL | %0°08 =3UL|e1ISS+IA1DY (0210 Ly 0€ =3UNRI}ISS+IALDY 450 ‘ISWW | (8°G)0°LE =0GadR1d+dA1DY uauNd | ‘9407 ‘1@ 39
UN SOA =0qe|d+dADY | %0°0L =0g30e]d+dA1DY =0420e]d+2A11DY 0€ =0Gga2e|d+3A1Y ‘YOOW ISYAYW | INTIW AI-WSa ‘aaw Luounug
(" 1)y y =weys
¥Q-140Y (T'1)6°€ =aA1dY
140y ISYWA
1SOM (£ 1)Ly =weys Key
(1€)1 g1 =weys %1°8€ =weys (Z'0V)T 6t =weys 17 =weys ‘4 1IWL (8°1)L° =9A1dY owAyng | ‘£10z ‘e 3R
N SOA (8°€)€°€1 =AY % LL =AY (£°01)1°8F =9A1DY 1T =3A1DY ‘VIWL 1SYAH aids ‘Al-wsa ‘ag luesiag
(€°£)G°61 =weys
(1°9)2°81 =aA13dY
:lag
‘0€ 0Q (9°6)Z"Z =weys
‘SIW (€°6)£°7T =aA12Y
‘@8l 11Z-SYaH
10D ‘g LWL (6°2)G°€€ =ureys aouely
(1°€)6° L1 =weys %G’ Gy =weys (#°61)6°6G =weys ‘v IWL (0'%)T°67 =AY uaun) | ‘gLoz ‘e 38
N S9A (#0701 =2A12Y %E"€8 =9A1DY (0°Z1)¥°09 =2A1Y 4 “ISWW :SYAYW AI-WSa ‘aaw dL lqeuuag

Apms
Apms ay3 Sung 8y} Suuing
AdeiayjoydAsq suolyedlpaw (s1eaA) uolyeosnp3 dlewsa % (@s) a5e ueay az1s 9)dwes

SJUDWISSISSY ((@s) ueaw) sisougelq 19pIosiq A1juno)
panURLO SelpAsd 9A1IUS0D K)119A9S eLURY /UOLSSaIdDQ Jo poylaw - pue Joyiny

uo pauteway

sonsuvldeley) a)dwes | 9)qe] Atejuswsajddng



(panuiyuo))

Apnis
ay3 Suling
suoljedIpaw
JLIjeIYdASY
uo paulewsay

Apn3s ay3 Suling
AdeiayjoydAsd
panuiuo)

(saeak) uonzeonp3y

dewssd %

(@s) a5e ueay

az1s 9)dwes

SJUSWISSISSY

3A1IUS0)

((@s) ueaw)
A3119A9G elURWY /UOISSaIdaQ

sisougelq
40 poyzaw

JapJosiq

€ =+VW (9°7)9°87 =weys
€=vg (6'9)2 €€ =aA130Y
9 =ewo)diq :weys 14D :1a9
T =+YW dAY (6°1) 9°2Z= weys uel
€=vg %L°99 =weys (9°%)G"GT =weys 7} =weys ‘WS (9°7) 9% =2A132Y IstelydAsd uaun) | ‘£L0T 13I8
N ON /=rwoldiq :2A12Y %€°8G =9ALDY (1°£)8°97 =aA1dY 71 =dA1Y “Ivd SYAH ‘NI-Wsa ‘aaw | pefauysjes
(9°7)€°£) =weys
(€761 =MV
SYNVd
(L€’ 1g =weys
()6 LT =2mpY
LSWW :1ag
LMY (#°6)9'v€ =weys jualin) Auewsag
%0°LT =weys (0°21)0°86 =weys L1 =weys ‘SIVMSN1 (€°£)0°€€ =2A130Y Isu3eIydAsg ‘ag ‘70T
N SOA AN %0° Gy =9ALDY (0°21)0°9G =2A132Y L1 =9ALdY IWIA SYAH ‘AI-WSQ | Pue gaw ¥L | ‘1e39 wied
(6°81)2°82
uEm\_Qo,_Mu.—Umu+Emcm
(G9p"LE
=we.dojeylds3+dA1Y
:g-bad
(0°01)9°1Z
nEm‘_QQ_Mu._Umu+EMr_m
(0°71)0°LT
=weJdojeylds3+dA1Y
;19
(Z'9)1°81
uEm\_ao_ﬂ._Umu+Em.._m
(8°6)8°81
uEmLQo_Mu_Umu+w>_uu<
%0°08 1SYAH
=weidoje3ds3+uweys (9°8)9°9¢
%0°SL= %0°0F (0°11)6°8 =weJdojeds3+weys
weidojeyds3+aA1dy =welidojeyds3+weys =weldojeyds3+weys (6°8)G°67
:92159p %0°0S (9°11)L°67 | 6T =weidojerds3+weys “ISWW =We.do|eds3+dA10Y uaLIn) | ealoy ‘7Z0T
AN SOA $,1013Ydeq B PaAL9ISY =weldojeylds3+aA1dY =weldojeyldsI+dA1Y | 7 =WeldojelldsI+aAIY DY Syavw G-Wsa ‘aaw ‘“1e 12 yo
(8°€)8°G1L (6°71)6°0F 25a
=Weys+ogade)d =Weys+0qade|d ‘Sv4 (€°) £ 7T =weys+oqade)d
(1'P)8 vl %009 =Weys+ogadeld (gz1) ‘asa (Ge)L1z
=weys+we.idojeirdsy %0°16 | 8 Ly =weys+weidojeidsy 6G =Wweys+ogade|d 45a ‘g-IWL =weys+weidojeidsy izeiag
(6)€°GL =weys+we.dojeyrdsy (8°11)9vy | 16 =weys+weidoje3rdsy ‘V-IWL | (6°€)8°1Z =0qade|d+aA13dY uaund) | ‘070z ‘e I
UN SOA =0Qade|d+dAY | %0'y6 =0GI0E|d+IALIDY =0qa2e]|d+3AL}IY €6 =0qade|d+3A11IY ‘VIOW ILL-SYAH | I'N'I'W ‘S-Wsa ‘aaw oua.ow
'sa
04
‘LBT HNY eljesnsny
awas (+°6)9°87 =weys B VSN
(67202791 =weys %8°0G =weys (£°61)0" Ly =weys 6G =weys ‘S43M-a (2°9)L°67 =AY uaun) | ‘0z0T ‘e 18
N SOA (0°€) 1791 =aA1dY %1 7S =9A1DY (£°€1)0" 67 =2A2Y 19 =9A12Y ‘I-L1AD :SYaYW N°I'W ‘AI-WSQ | ‘a9 Pue gaw | 3203unddw
(6°6) G°LT =weys
18D (0°8)8°LT =2A130Y
14 :lag
‘LWAS 1YMOD (1")p°8T =weys
4sa (6°¥)T°67 =aA130Y
‘asa :S¥avW
‘a1IWL (Lp)€° L)L =wreys elesysny
%0°GG =weys (§°21)9" 6 =weys 07 =weys ‘v IWL (8°6)€°81 =aA1OY ua.n) ‘010z
N SOA AN %0°GG =9A1DY (0°01)0" 6% =2A13Y 07 =AY 1AV ILL-SYAH | CI'NTI'W ‘AIFWSa ‘aaw | “1e3p 007

A1uno)
pue Joyiny

(panuijuo)) sonsusideley) aldwes | a)qe] Atejuswsajddng




*91edS Suljey BLUBW SUNOA ‘SYWA $ISSL SULIIOS PJe) UISUODSIM ‘LSOM ‘153l Aloway Suluiea |eqiap ‘LWTA ‘ueisisal-juswieal) ‘Yl ‘g Med-1sal Supew Jledl ‘g IWL ‘v Med-1sal sSupjew
1tedl ‘v IWL 3593 plom doonis ‘MIS 1593 9oualayiaul dooays ‘J3s 3593 pJom-1010d dooais ‘MIIS €193 1010 doouls ‘D35 3593 awiy-uoroeal ayduwis ‘1Ys ‘Alowsw uoniugoday jerreds ‘WYS
£1s9] sallepow 381a 10qWIAS ‘I WQsS ‘UoLIRIASP pJepuels ‘S ‘WS 104 MILIAISIU| 1BDdLUL) PaJNIdNIas ‘glds 3sal Aduaniq pJop 5IngsuaBay ‘I MY <Bulssadoid uolyewloul 1ensip pidey dAY IsaL
a1nS14 xa1dwo) A3y 140y 11edaJ Arap 1s3] aInSL4 xa1dwo) A3y “Ya-14DY ‘Isal Sutuiea jequap Aiojpny A9y ‘ITAVY ‘pa1lioday 59 -A50103ew0}dWAS aALssa1daq Jo A1ojuaAu] YILND “YS-SAid
{pajes ueLul) -AS0103ew0}dWAS SALSSa1daQ Jo A10JuaAu] YIIND ‘D-SAID ‘AJoWSW UOLIUS0IaY UISIIRd ‘Wid ‘uolssaidaq - aJreuuolysand) s3dyaq PaALadIdd ‘d-0dd ‘91eds 1094k dAlleSau
pue aAIMsod ‘SYNVd ‘Buluiea s21eld0sSy palled “Tvd (Pa340dal Jou ‘YN {JUSWSSISSY BLIUSWSQ 11BJISAQ URIIW ‘VAOW IUSWISSISSY SALIUSOD) 18aIJUOW ‘VIOW $1SSL SNIeIS JeJUSW-LULW ‘I SWW
fuoljeulwexy 93els |eIUSW-IULW ‘ISWW ‘uaa.ds Juawuredw| Aowawy ‘SIW MaLAIDIU| dLIIRLYIASdOINSN JeuoLIeUIDIU| LULW ‘|*N'|"W ‘19pJosip aAlssaldap Jofew ‘gqgw ¢91eds Suljey uoissaidaq
813qsy-A12WOBIUOW ‘SYQYW ‘218DS 92USBL)193U| INPY JAISYDIM Y3 O ¥sel Sutduanbas JaquinN 1931397 ‘SIYMSNT ‘3saL Alowaw d1807 LW ‘3sal 385 soees| | S| ‘ASojojewordwAs aaissaidaq
Jo Aiojuaau| ‘sq| ‘91eds Sulyey uolssaidag uoljlweH ‘SYAH ‘UOISIOA W)l L7 91eds Suljey uolssaidag uollweH ‘1LzZ-SYQH fUOLSISA Wil /| 9)edS Suljey uoissaidag uoniweH ‘/L-SYAH
{3591 Aduan)4 1eqUaA ‘Sy4 {UOLILPa Uiy SISPJOSL] 1eIUSW JO Jenuey edLIsIIelS pue d13soudelq ‘G-wsd SUoLIpa Ylanoy sISpJosig |eIUSW JO Jenuey Jedtisijels pue snisouselq ‘Al-wsa ‘(111- 91e2s
95Ua511191u] NNPY J31SY239M) Plemiod ueds 1181Q 4Sa <(111- 1S 92uaB1193U| NPY J21SYI9M) 1591 BULPOd JoquiAs-11BIa DSa <(111- 91825 92uSBL191U] NPY J91SYI9M) pLlemydeg ueds 181q ‘gsa
{(Al- 918G 92uas1)193U] NNPY J31SY29) 393 ueds USLq ‘s@ 3593 Sulweu aindld ‘0f oq ‘91dwes 03 Sulydyeyw pake)aq ‘SWQ ‘Wwa3sAS uolldoung aA1INdax3 ueydey-siaq ‘S43IN-a <Isal Sutuiea
1eqJaA BlUJIOLIR) ‘ITAD {]1-3SaL SuluieaT Jegaap BlUIOR) ‘|I-1TAD 1593 SWIL}-UOLIdeal 3JI0Y) ‘1Y) {IS9] 9DURWIOLID SNONULIUO) ‘I 4D ¢3S UOLIRIDOSSY PJOM 1BI0 Pa11013U0D) IYMOD 1591
Aouany} 1BQJOA S19333) -1S3] UOLIRIDOSSY PJOM 18I0 P3]1043U0) “SY4-1VMOD 1S3 HO SuLssos) ‘10D {aJreuuoysand sainije4 aA13IUS0D ‘DD ¢aJ1euuol}sangy uol3eINsay uoljowy aAluS0) ‘DYID
3591 Suimeuq 3o0)) ‘1) ‘1sal Alowaw jeryedsonsiA Jaug ‘IWAG €1sal SulweN uoisog ‘INg 1s93 uSisap ¥o01g ‘1ag ‘A10juaau| uolssaidaq syoog ‘|ag ‘4opJosip Jejodiq ‘Qg :SUOIIDIAAIQQY

Apnis
ay3 Suing
suoljedIpaw
JLIjeIYdASY
uo paulewsay

Apn3s ay3 Suling

Adeiayjoydhsd
panuiuo)

(sa1eak) uonzeonp3y

dewsad %

(@s) a5e ueay

az1s 9)dwes

SIUSWISSISSY
3A1IUS0)

((@s) ueaw)
A3119AG elURWY /UOISSaIdag

sisougelq
40 poyzaw

JapJosiq

(£'0)8"1T =weys
(6°6)5°0L =wreys L€ =weys (€°6)9'%2 =II dnoug Key
(6'¥)9°€£ =1 dnoig L€ =z dnoug (0°%)s "Gz =1 dnoun uaun) ‘g | ‘0Z0T 1B 39
AN SOA AN %S'8L (6°6)8°0£ =I dnoug L€ =1 dnoug 'Vaow 11Z-SYaH G-Wsa | 10aaw dL LpJeuez
“Svd
AW
LAV
2sa
ons
‘MIS
935 (671) T =wreys
4sa (1L°D¥"T =dA1Y
‘asa (SUWA
‘Lag (L'¥)G €T =weys \izeug
(9°9)t" L1 =wreys %0°€8 =weys (€°01) £°Gp =weys 67 =weys ‘Q-LWL (6°€) 1°€7 =2A10Y ‘020Z 1B 39
N SOA (0'%)L°G) =2A32Y %0°€S =9A1DY (8°11) 7°9% =9A1DY 0€ =2A12Y ‘V-LWL /1-SYQH G-WSa@ | 3uaun) ‘ag ©])9310L
(1°7) 8'7Z =weys
(L€)L¥T =m0y
SYQH
(6°2)€°87 =weys uelj
(6°£7) 6°LT=weys Gl =weys ‘Wid (1°9) T'¥€ =9A130Y 1sLeIYdASq uaun) | ‘GLoz “1e3e
AN ON AN %0°LS (£°87) £°8T =dA1dY Gl =9ALdY ‘swa :lag ‘AlI-wsa ‘aaw ¥ | pefaulyaies

A1uno)
pue loyiny

(panuijuo)) sonsusideley) aldwes | a)qe] Atejuswsajddng




