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Background: A significant subset of breast cancer survivors experience cognitive difficulties in attention
and memory, which persist for years following treatment. Transcranial direct current stimulation (tDCS)
has been shown to be effective in improving working memory, attention, processing speed, and other
cognitive functions in both healthy and clinical populations. To date, no studies have examined tDCS for
rehabilitation of cancer-related cognitive dysfunction.
Objective/hypothesis: We aimed to provide preliminary evidence for feasibility, tolerability, acceptability,
and efficacy of tDCS in improving performance on a measure of sustained attention.
Methods: In a within-subjects design, 16 breast cancer survivors underwent 2 consecutive days of active
tDCS over the prefrontal cortex, and 2 days of sham tDCS, counterbalanced for order of stimulation
condition, while performing a continuous performance test.
Results: Stimulation was feasible and tolerable, with 89% of participants completing all sessions, and
none reporting more than mild to moderate discomfort. Analyses of efficacy showed that during active
stimulation, participants had significantly lower standard errors of reaction times overall, indicating
better sustained attention ability, as compared to sham stimulation (p < 0.05). Furthermore, the effect of
stimulation on standard errors of reaction times differed by inter-stimulus interval (ISI): for 1 and 2 s ISIs,
there was no significant difference in performance between sham and active tDCS conditions, but for 4 s
ISIs, stimulation improved variability in response times relative to sham (p < 0.05).
Conclusions: Results suggest that tDCS is feasible, tolerable, and may be an effective intervention to
improve sustained attention difficulties in survivors with cancer-related cognitive dysfunction.
© 2020 Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Among the most distressing and intractable symptoms for
breast cancer survivors is cognitive dysfunction following treat-
ment [1,2]. Neuropsychological studies have documented approx-
imately 25e40% of chemotherapy-treated survivors exhibit
dysfunction in two or more cognitive domains [3e6]. Cancer-
related cognitive dysfunction (CRCD) interferes with the ability to
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return to their normal lives, disrupting family, career and social
responsibilities [2,7e12]. As a result, leading breast cancer survi-
vorship guidelines highlight the critical need to provide treatment
for cognitive dysfunction [13].

There have been limitations in previous interventions for
cognitive dysfunction among cancer survivors. These interventions
include cognitive rehabilitation strategies [14e18] and those tar-
geting factors associated with cognitive function, such as fatigue
[19e22], stress [23,24], or physical activity [25e28]. Overall,
cognitive rehabilitation strategies were successful in improving
some subjective and objective aspects of cognitive performance,
but required significant time commitments ranging from four
[17,18] to 12 weeks [29]. Studies aimed at improving cognition by
reducing fatigue showed no changes to objective performance,
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whether administering D-methylphenidate [20,22] or delivering
cognitive behavioral therapy [19]. There were also no changes in
objective cognitive performance by reducing stress with medita-
tion [30], and concomitantly increasing physical activity with yoga
[27,28] or medical qigong [25].

Identifying targets for intervention can be guided by previously
observed structural and functional brain changes associated with
CRCD, which appear to generally center on prefrontal areas.
Chemotherapy-treated survivors show more pronounced re-
ductions in brain volume in prefrontal regions [31e35]; reduced
brain activity during functional tasks in anterior and dorsolateral
prefrontal regions of the brain [35e39]; and reduced white matter
connectivity in tracts connecting prefrontal areas [40e42], and
animal studies using common chemotherapies produce deficits in
electrophysiological measures of brain function [43] and reductions
in neurogenesis [44]. This research suggests specific anatomical
targets for intervention to alter underlying brain activity, specif-
ically in prefrontal areas, as can be achievedwith transcranial direct
current stimulation (tDCS).

tDCS canmanipulate brain activity underlying cognition [45,46],
and meta-analyses have shown prefrontal stimulation can alter
aspects of behavioral performance [47], although only one case
report has described specific application in cancer survivorship.
Authors applied five sessions of tDCS to the prefrontal cortex in a
breast cancer survivor and found improved outcomes in a
computerized neuropsychological battery of executive function
[48]. Meanwhile, targeting prefrontal regions that are largely
implicated in supporting attention [49] with tDCSmay be beneficial
given converging evidence of the susceptibility of attentional pro-
cesses, in particular, following cancer treatment. Chemotherapy-
treated breast cancer survivors show worse attentional perfor-
mance on neuropsychological tests [41,50,51], and greater intra-
individual variability in reaction time on attention tasks [52]. This
pattern is associated with variable and lapsing attention, consistent
with attention deficit disorder and brain injury [53]. Moreover,
attention can modulate memory performance [54], an important
consideration given that 58%e68% of chemotherapy-treated sur-
vivors report subjective memory dysfunction [38,55e59]. Repli-
cated results from our lab identify a memory deficit selective to the
initial learning trial of five repeated recall trials, suggesting that
initial attention [60,61] for to-be-learned information may be a
specific deficiency in survivors following treatment [62,63]. This
interaction betweenmemory and attention is also suggested by our
previous work that finds stronger association between attention/
working memory deficits and self-reported memory complaints
than memory performance [64].

Despite accumulating evidence that cancer survivors exhibit
attention and working memory deficits, none of these findings
have made their way into diagnostic use or treatment development
for survivors. This research is the first to test the feasibility,
acceptability, tolerability, and preliminary efficacy of tDCS for
cancer-related cognitive dysfunction in breast cancer survivors. A
large group of breast cancer survivors who report cognitive prob-
lems will have been treated with chemotherapy and are on endo-
crine therapy: therefore, this was the target population for this
research. To establish feasibility and acceptability, a short course of
2 active sessions and 2 sham sessions of prefrontal tDCS, counter-
balanced, was administered over four consecutive days. To evaluate
preliminary efficacy of tDCS to improve attentional performance,
we conducted active and sham stimulation while survivors
completed the Conners‘ Continuous Performance Test (https://
www.mhs.com/), a computerized assessment of sustained atten-
tion, attentional consistency and inhibition of response.We focused
on sustained attention given our own and other previous research
that finds attentional dysfunction, prefrontal volume reduction,
and prefrontal reduction in functional activation during attentional
tasks, as well as the association of initial attention/working mem-
ory deficits with survivor reported memory difficulties [64e67].

Methods

Participants

Eighteen breast cancer survivors were recruited by screening
clinic appointment schedules at the MSKCC Department of Psy-
chiatry Counseling Center and reviewing Electronic Medical Re-
cords of identified breast cancer survivors to further verify their
eligibility based on disease and treatment. We selected breast
cancer survivors who were more than six months post-completion
of cancer treatment in order to capture the subset of survivors who
experience lasting cognitive deficits as opposed to those whose
acute treatment-related cognitive difficulties resolve within a few
months following completion of treatment [68]. Inclusion criteria:
1) Breast cancer survivors treated with chemotherapy between 40
and 65 years of age with no evidence of disease, with treatment
completed at least six months prior to study participation with or
without current ongoing endocrine therapy; 2) Self-reported new-
onset presence of cognitive dysfunction since treatment deter-
mined by telephone screen using the brief (3 questions) assessment
established by Ercoli et al. [16]. Exclusion criteria: 1) History of
seizure disorder, a dementing condition, or other neurological
illness (multiple sclerosis, history of cerebrovascular accident, etc.)
as assessed by self-report and review of medical history; 2) Un-
treated depression or anxiety as assessed by self-report and review
of medical history; 3) History of treated or untreated schizophrenia
or bipolar disorder as assessed by self-report and review of medical
history; 4) current pregnancy; or 5) pacemakers, intracranial
electrodes, implanted defibrillators, or any other prosthesis. All
participants were fluent in English and underwent informed con-
sent. All methods were approved by the MSKCC IRB. Participants
were compensated $70 for their participation upon completion of
all four sessions. Two consented participants failed to return for all
four required sessions due to scheduling conflicts, resulting in a
total sample size of 16 participants.

Materials

tDCS: Starstim wireless hybrid EEG/tES multichannel trans-
cranial current stimulator (http://www.neuroelectrics.com) was
used to administer tDCS stimulation. Two Ag/AgCl electrodes with a
1 cm radius were used to administer stimulation over the left
dorsolateral prefrontal cortex (dlPFC): the anode (stimulating
electrode) was placed over the F3 position, and cathode (return
electrode) was placed over F4 based on the 10e20 EEG system
(Fig. 1).

Cognitive task: Attention performance was measured using the
Conners’ Continuous Performance Test (CPT-II), a computer-based
task that requires the subject to monitor single letters presented
on a computer screen in succession, and to respond to target letters
while withholding response to a non-target letter. The task con-
sisted of 360 total trials divided into 18 blocks of 20 trials each.
Ninety percent of trials were targets, i.e. letters other than ‘X’ that
required the participant to press the space bar as soon as seeing the
stimulus, and 10% consisted of the non-target ‘X’ for which subjects
were instructed to withhold a response. Inter-stimulus intervals
(ISIs) varied across blocks, with 6 blocks each of 1-s, 2-s and 4-s ISIs.
Given that this is a go/no go task, there is no requirement that
participants hold in mind previous trial information; the only
requirement is to respond as quickly as possible to each letter and
to withhold response to the letter X. Blocks with longer ISIs are
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Fig. 1. tDCS montage with modeled current density for left dlPFC stimulation.
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considered to place a greater load on sustained attention processes,
as participants must maintain engagement with the task over a
longer delay in order to respond as quickly as possible to the next
stimulus. Therefore, while the task is thought to engage several
subprocesses of attention such as vigilance and impulsivity,
changes in response speed and changes in variability of response
speed as a function of ISI are specifically reflective of sustained
attention processes.

Questionnaires: Sociodemographic questionnaire, including in-
formation about patient age, race, ethnicity, years of education,
marital status; Memorial Symptom Assessment Scale Short Form
(MSAS-SF), a measure of patient-reported physical, psychological,
and global distress symptoms; Patient Assessment of Own Func-
tioning Inventory (PAOFI), a self-report measure of difficulty with
memory, attention, concentration, language, and thinking abilities;
Sensory Gating Inventory (SGI), a measure of difficulties with
attention and concentration related to difficulty filtering irrelevant
sensory information; tDCS Patient Experience Questionnaire,
which assesses patients’ experience with the device and any
noticeable changes in thinking; and Brunoni Adverse Events
Questionnaire, which assesses presence and severity of any
discomfort or adverse events related to tDCS. Table 1 indicates
sessions at which each questionnaire was completed.
Procedure

Participants completed four study visits over four consecutive
days, at the same time each day. Visits 2e4 were approximately
60 min in duration, including tDCS setup, stimulation, completion
of attention task, and post-stimulation questionnaires; visit 1 lasted
approximately 90 min, with the additional ~30 min allocated for
Table 1
Questionnaires completed at each session.

Questionnaire Session

1 2 3 4

Sociodemographic X
MSAS-SF X
PAOFI X X
SGI X X
Patient Experience X X X X
Brunoni Adverse Events X X X X
the consent process. During each session, the tDCS device was
adjusted over the participant’s scalp and impedance of electrodes
was assessed by the Starstim software interface. Participants per-
formed a brief practice CPT task to ensure that task instructions
were understood, as is the procedure in standardized administra-
tion. The tDCS device delivered a 30-s ramp-up and the experi-
mental run of the computerized CPT task was initiated. Once the
ramp-up was complete, a steady state current of 1 mA was
administered for the duration of the behavioral task (15 min) for
active sessions; during sham sessions, stimulation was ramped up
over 30 s and then down over 30 s at both the start and end of the
task, with no active current delivered through the duration of the
task. The current of 1 mA was chosen to reduce sensititvity to the
higher current density under the 1 cm electrodes used, which re-
duces ability to detect differences between sham and active con-
ditions within subjects, and has been shown to enhance cortical
excitability to an equal or greater extent than higher intensities
[69]. Reaction time and accuracy were measured throughout task
performance. At completion of active sessions, the tDCS device
delivered a ramp-down stimulation over 30 s. The device was then
removed, and participants completed self-report questionnaires.
Order of sham and active stimulation sessions were counter-
balanced between subjects, such that half of participants (N ¼ 8)
received two consecutive days of active stimulation followed by
two consecutive days of sham stimulation, and half of participants
received two sham followed by two active stimulation sessions.

Data analyses

Changes in self-reported cognitive function from before the start
of the study to after the final session were analyzed using repeated
measures ANOVAs. The relationship between stimulation condition
(sham vs. active) and performance on the CPT was analyzed using
mixed linear models and post hoc t-tests in SPSS. Six individual
mixed linear models were used to analyze the effects of tDCS on
primary outcome measures of attentional variability and response
speed (Table 2), and a further six models were constructed to
analyze the effects of stimulation on variability and response speed
within each of the three inter-stimulus interval blocks. Another two
models were constructed to analyze response accuracy.

Previous research has suggested the effects of tDCS may vary
based on a number of individual differences, including age [70], and
internal psychological states, such as transient changes in mood
[71,72], alertness [73], motivation [74], and expectations about
tDCS effectiveness [75] that can alter baseline neural activity, likely
mediating the effects of tDCS on behavior. Thus, to control for the
effects of individual differences in response to tDCS, we included
covariates reflecting participants’ age, mood, alertness, and sensi-
tivity to stimulation (self-reported headache, scalp pain, tingling,
itching, burning) with participant ID entered as a random effect. All
predictors were mean-centered to allow for interpretation of the
intercept and avoid multicollinearity when assessing interactions.
Measures of reaction time and standard errors were log trans-
formed to account for non-normal distributions. To account for the
number of fixed-effects parameters being estimated, all models
used a restricted maximum likelihood procedure (SPSS Version
23.0) to yield unbiased parameter estimates.

Results

Feasibility

Between May 2017 and July 2019, potentially eligible partici-
pants for the current study were identified by screening MSKCC’s
institutional database for women currently aged 40e65 years,



Table 2
CPT outcome measures.

Outcome measure Description

Overall Standard Error (Hit RT SE) Response speed consistency
Standard Error by Inter-Stimulus Interval (Hit SE ISI Change) Change in the standard error of reaction times at different ISIs
Standard Error by Block (Hit SE Block Change) Change in response consistency across duration of test
Overall Hit Reaction Time (Hit RT) Average speed of correct responses
Reaction Time by Inter-Stimulus Interval (Hit RT ISI Change) Change in reaction times at different ISIs
Hit Reaction Time by Block (Hit RT Block Change) Change in reaction time across duration of test
Commissions Responses given to non-targets
Omissions Failure to respond to target letters

A.M. Gaynor et al. / Brain Stimulation 13 (2020) 1108e1116 1111
previously treated with chemotherapy, and who had or were
scheduled to have an appointment with one of the attending
neuropsychologists in the MSKCC Counseling Center. Of the 235
individuals who met these criteria, 154 were ineligible, most often
due to history of psychiatric or neurological disorders, a diagnosis
of cancer other than or in addition to breast cancer, or no history of
treatment with chemotherapy.

Of the remaining 81 eligible potential participants, 34 were not
interested in participating, primarily due to the time commitment
required, and 29 were unable to be reached by phone after three
attempts, and thus were considered to have silently declined. We
speculate that lack of interest may have resulted from this being a
feasibility study, in which participants may not expect to see im-
provements in cognition, as opposed to a clinical trial in which
subjects might expect a therapeutic benefit from participating. The
remaining 18 subjects who were eligible and interested were
enrolled. One subject was unable to return for one session due to
inclement weather, and another missed a session due to a sched-
uling error, resulting in a total of 16 participants who completed the
study protocol.
Table 3
Ratings of stimulation side-effects.
Tolerability and acceptability

Tolerability and acceptability of four consecutive sessions of
tDCS were assessed using the Brunoni Adverse Events question-
naire and the tDCS Patient Experience Questionnaire, which were
completed following each tDCS session. Stimulation was generally
well tolerated: the most commonly experienced side-effects were
itching and burning on the scalp, which themajority of participants
rated as mild (2) to moderate (3) on a 1 to 4 scale (Table 3). No
sessions needed to be aborted due to side effects. On the Patient
Experience Questionnaire, participants were asked to rate how
comfortable the device was overall, from 1 (very comfortable) to 4
(very uncomfortable). During nearly all 64 sessions, participants
reported the device was very or somewhat comfortable (Mean
rating ¼ 1.64, SD ¼ 0.72). On nine of the sessions, participants gave
ratings of 3 indicating tDCS was “somewhat uncomfortable”.
However, all participants at all sessions indicated they would be
‘very likely’ or ‘somewhat likely’ to participate in tDCS treatment to
improve cognitive performance if it were recommended, suggest-
ing tDCS is tolerable and acceptable in breast cancer survivors with
cancer-related cognitive dysfunction.
Maximum Mean SD

Headache 2 1.078 0.27
Neck Pain 3 1.078 0.37
Scalp Pain 3 1.156 0.444
Tingling 3 1.812 0.639
Itching 4 1.156 0.712
Burning 4 1.625 0.845
Redness 1 1.00 0.00
Sleepiness 4 1.594 0.886
Trouble Concentrating 4 1.39 0.657
Acute Mood Change 3 1.078 0.37
Participant blinding

To assess whether participants were blinded to the stimulation
condition (i.e., active vs. sham), we asked participants if they could
determine whether they received stimulation or not: 61% of par-
ticipants reported they could not determine whether they received
stimulation or not. Of those who felt they could determine stimu-
lation condition, 76% of sham stimulation sessions were identified
as active, and 91% of active stimulation sessions were identified as
active. Therefore, it appears that sham was successful in blinding
participants to whether they were receiving active stimulation:
most participants were unable to differentiate between sham and
active, and of those who did feel they could detect a difference, the
majority incorrectly believed they were receiving active stimula-
tion during sham.
Changes in self-reported cognitive difficulties

There was no significant difference in mean PAOFI scores before
and after the tDCS sessions (F [1,13] ¼ 2.28, p ¼ 0.155). However,
there was a nominal decrease in self-reported cognitive problems
in the anticipated direction: mean PAOFI score prior to the start of
the first stimulation session was 97.71 (SD ¼ 25.54), and this score
reduced to a mean of 93.93 (SD ¼ 21.90) by the end of the last
session. There was a marginally significant change in SGI scores
from pre-stimulation (M ¼ 62.14, SD ¼ 30.49) to the last session
after stimulation (M¼ 56.43, SD¼ 29.22; F [1,13]¼ 3.17, p¼ 0.098).
Taken together, it appears that participants experienced a subtle
improvement in subjective experience of cognitive function
following tDCS, and this suggests the sensory-gating inventory, that
focuses more specifically on attentional focus and distractibility,
may be more sensitive to stimulation-associated changes in self-
reported cognition as compared to the PAOFI.
Effects of stimulation on CPT performance

Attentional variability
Stimulation condition was a significant predictor of overall Hit

RT SE (F[1,38.887] ¼ 4.948; p < 0.05): predicted Hit RT SE during
active stimulation (M ¼ 1.546, SE ¼ 0.063) was significantly lower
than predicted Hit RT SE during sham (M ¼ 1.648, SE ¼ 0.063),
suggesting tDCS improved participants’ response speed consis-
tency. Stimulation condition was a marginally significant predictor
of Hit SE ISI Change (F[1,40.16) ¼ 3.92, p ¼ 0.055), with predicted
mean Hit SE ISI Change during active stimulation (M ¼ 0.01,
SE ¼ 0.02) lower than during sham (M ¼ 0.047, SE ¼ 0.02),
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suggesting tDCS decreased the degree to which standard error of
reaction times changed with different ISIs, a reflection of vigilance.

In order to examine in which ISI blocks stimulation affected Hit
RT SE to produce differences in Hit SE ISI Change, we then analyzed
the effects of tDCS on standard errors of reaction times within each
of the three different ISI blocks (1-s, 2-s, and 4-s ISIs) to determine
whether stimulation affected variability in the typical slowing of
response times that is expected to occur with increased ISI due to
greater demand on the ability to sustain vigilance. Results showed a
significant difference specifically for the 4-s ISI (F
[1,39.025] ¼ 5.544; p < 0.05), but not for the 1-s ISI (F
[1,39.00] ¼ 0.325; p ¼ 0.572), or 2-s ISI (F[1,40.405] ¼ 0.805;
p ¼ 0.375). For the 4-s ISI, subjects had lower SE under active
stimulation (M ¼ 2.023, SE ¼ 0.083) as compared to under sham
(M ¼ 2.161; SE ¼ 0.083) (Fig. 2). These results suggest tDCS
decreased the degree to which reaction times became more vari-
able at longer ISIs, when participants’ sustained attention is ex-
pected to be most challenged. Stimulation was not significantly
associated with Hit SE Block Change (F[1,40.49) ¼ 0.13, p ¼ 0.73).
Response speed
To determine whether stimulation affected response speed, we

used mixed linear models to analyze the effects of tDCS on overall
reaction times, and change in reaction times across ISI blocks. There
was no significant effect of stimulation on mean predicted overall
reaction time (F[1,39.623] ¼ 1.032, p ¼ 0.316). Stimulation condi-
tion significantly predicted Hit RT ISI Change (F[1,38.92] ¼ 9.14,
p < 0.01), with predicted mean Hit RT ISI Change during active
stimulation (M ¼ 0.044, SE ¼ 0.01) significantly lower than during
sham stimulation (M¼ 0.057, SE¼ 0.01), indicating tDCS decreased
the change in average reaction times at different ISIs. Stimulation
was not significantly associated with Hit RT Block Change (F
[1,42.54] ¼ 0.31, p ¼ 0.58).

To examine how the effects of stimulation differed based on ISI
block, we constructed models to assess the effects of tDCS on Hit RT
ISI within each of the three different ISI blocks. Results showed a
marginally significant difference specifically for the 4-s ISI (F
Fig. 2. Stimulation did not have a significant effect on predicted mean standard errors of reac
reaction times at 4s ISIs relative to sham. *p < 0.05. Error bars represent standard errors o
[1,40.053] ¼ 3.954; p ¼ 0.054), but not for the 1-s ISI (F
[1,38.887] ¼ 0.254; p ¼ 0.617), or 2-s ISI (F[1,39.726] ¼ 0.484;
p ¼ 0.491). For the 4-s ISI, predicted reaction times were faster
under active stimulation (M ¼ 6.132, SE ¼ 0.022) as compared to
sham (M ¼ 6.166, SE ¼ 0.022) (Fig. 3). Therefore, in addition to
decreasing variability in response speed, stimulation also
decreased mean reaction times during longer ISIs, when main-
taining sustained attention is most challenging.

Response accuracy
Turning to the effects of tDCS on response accuracy, we found

that stimulation condition was a significant predictor of mean
commissions (F[1,39.06] ¼ 4.21; p < 0.05), with mean predicted
commissions during active stimulation (M ¼ 10.23, SE ¼ 1.80)
significantly higher than during sham (M ¼ 8.77, SE ¼ 1.80). This
may suggest that under the condition in which reaction times were
faster and less variable, indicating greater sustained attention,
participants were also less able to withhold responses, suggesting
poorer inhibition/greater impulsivity. Stimulation condition did not
significantly predict mean omissions (F[1,41.27] ¼ 0.07; p ¼ 0.79).

Discussion

This is the first study to test the feasibility, tolerability, accept-
ability, and efficacy of using tDCS to improve attention performance
in breast cancer survivors with cancer-related cognitive dysfunc-
tion. We successfully recruited 18 breast cancer survivors, 16 of
whom completed four consecutive daily sessions of active and
sham stimulation, with the largest obstacle to recruitment being
scheduling difficulties due to this population being largely
composed of middle-aged women in the workforce with children.
Of the majority who completed the study, most reported very
minimal or no side effects related to stimulation, and none reported
adverse effects that led to termination of the study protocol. Lastly,
all participants reported they would receive tDCS in the future if
offered as a treatment. Together, our data support the hypothesis
that tDCS is tolerable, feasible, and acceptable in breast cancer
tion times for 1s and 2s ISIs, but active stimulation significantly decreased variability in
f the means.



Fig. 3. Stimulation did not have a significant effect on predicted mean reaction times for 1s and 2s ISIs, but active stimulation marginally decreased reaction times 4s ISIs relative to
sham. zp ¼ 0.0565. Error bars represent standard errors of the means.
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survivors, and warrant the development of further clinical trials to
support its use as a treatment for cancer-related cognitive
dysfunction.

We found evidence of preliminary efficacy in that tDCS over the
prefrontal cortex improved performance on a computerized
continuous performance task. Under conditions of active stimula-
tion, participants had less variability in reaction times, and this
effect was most notable during task blocks with the longest and
most challenging inter-stimulus intervals, a condition duringwhich
increased variability is expected due to higher condition demand
and resulting challenges to vigilance. There is a growing body of
research showing that cancer patients and survivors demonstrate
difficulties with attention that may be reflected by increased vari-
ability in reaction times. Yao et al. [76] found that breast cancer
patients had greater reaction time variability with increased task
difficulty on a Stroop task as compared to healthy controls, and
others have demonstrated that breast cancer survivors have
abnormal intraindividual variability (IIV) in response times on
continuous performance tasks [52; Ryan, Ahles, and Root, in
preparation]. Greater IIV has also been associated with greater
prefrontal activity, likely due to increased demand on executive
control processes [52,77]. The impact of cancer and its treatments
on frontal executive networks has been demonstrated using
converging evidence from functional [37] and structural [40,41]
MRI, diffusion tensor imaging [38,78], and electrophysiological
recording methods [79,80]. Therefore, our findings suggest that
non-invasive brain stimulation to the prefrontal cortex, a region
which is known to be impacted by cancer and cancer treatments,
may be an effective means by which to improve frontally-mediated
attentional processes that are disrupted in survivors. The finding of
higher rates of commission errors was unexpected. While inter-
pretation of this result is qualified in our limited sample size,
increased commission errors, faster reaction time, and decreased
variability are suggestive of a “speed over accuracy” approach. This
finding may suggest that stimulation acted primarily to improve
sustained attention, with faster and more consistent speed of
response to the predominant task demand, i.e., button presses on
“go” trials that are the majority of trials (90% of trials), but also
generalized to the “no-go” trials, which are infrequent by contrast
(10% of trials). It is also possible that stimulation acted to weaken
inhibitory processes leading to increased impulsivity. The finding
that improvement in speed and variability of responses came at a
cost of response accuracy has implications for the use of tDCS as an
intervention for attentional dysfunction in CRCD, and future
research should examine whether improvements in sustained
attention are seen in the context of changes in performance on
attention-related inhibitory processes.

One limitation to the design of the current experiment is that for
participants who received two days of active stimulation followed
by two days of sham, there is a potential for after-effects of active
stimulation to persist into the sham days. Given that repeated
administration of tDCS over the course of several days is thought to
increase the likelihood of changes in plasticity that can persist after
stimulation is ceased [94], we recognize that this is a potential
confound of the current study design, although we note that
stimulation after-effects would only act to decrease the observed
effect on our reported primary outcome variables reported above.
Although we did not find any differences in performance during
sham for those who received active tDCS for the first two days as
compared to sham for the first two days, we had a very limited
sample size per group (N ¼ 8), and a future randomized controlled
trial could separately examine differences in consecutive days of
active tDCS compared to sham sessions, as well as include follow up
to determine if behavioral effects are sustained.

Another potential limitation to the current experiment relates to
the possibility that the position of the cathodal electrode induced
inhibition of the right DLPFC. Although past literature often dis-
tinguishes between anodal electrodes as being excitatory while
cathodal electrodes are inhibitory, these polarity effects are less
clear in tDCS studies of cognitive function as compared to motor
function. The effects of polarity on neural excitability and perfor-
mance in cognitive tasks has been shown to be variable, and some
studies have demonstrated that cathodal stimulation can improve
cognitive performance similarly to anodal stimulation [81], while
others have shown no changes in cortical excitability during and
after cathodal tDCS as compared to pre-stimulation [82]. Therefore,
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it remains unclear whether the changes in sustained attention
demonstrated in the current study resulted from excitation of the
left DLPFC, inhibition of the right DLPFC, or both. Future research
aimed at testing the precise role of the left DLPFC in sustained
attention should utilize a unilateral montage with an extracephalic
cathode, or an HD-tDCS montage, in which a single anode is sur-
rounded by several cathodes, such that cathodal current is
distributed among multiple return electrodes, decreasing the
functional efficacy of the cathodes and the potential for inhibitory
effects on underlying cortical regions.

Related to the above limitation, it is worth noting that some past
research has suggested the left DLPFC contributes to sustained
attention [83,84], whereas right DLPFC has been shown to
contribute to response inhibition but not sustained attention [85].
Therefore, although our chosen montage does not allow us to
distinguish between the roles of the right and left DLPFC, it is
possible that the increased commissions under the active stimu-
lation condition was due in part to impairment of response inhi-
bition caused by cathodal inhibition of the right DLPFC. Further
research is needed to examine the effects of right vs. left DLPFC
stimulation on subprocesses of attention, but future studies aiming
to selectively improve sustained attention using tDCS may benefit
from the use of a unilateral montage over the left DLPFC only.

Conclusions and future directions

As the first feasibility study to examine tDCS among a cohort of
breast cancer survivors, our results provide promising evidence for
the clinical utility of tDCS to improve cancer-related cognitive
dysfunction. Future work aiming to bring tDCS from research into
clinical practice should consider what individual differences may
mediate the effects of stimulation on behavior, in order to better
identify under what circumstances tDCS is most effective in
improving performance. For instance, the effects of tDCS have been
shown to vary based on age, mood, alertness, task difficulty, and
motivation levels [74,86,87], and understanding the relationships
between these factors and stimulation-related improvements in
cognitive performance will allow researchers and clinicians to
better tailor stimulation parameters to increase therapeutic bene-
fits for each survivor. Moreover, repeated sessions of tDCS may be
beneficial in producing long-lasting changes in performance by
facilitating plasticity and stabilizing the strength of neural con-
nections over time [46,94] and have resulted in cognitive
improvement for various clinical populations [88e91]. Remotely-
supervised tDCS (rs-tDCS) has demonstrated feasibility and effi-
cacy in improving cognitive function in other clinical populations
[92,93], and the ability to administer stimulation at home would
not only allow for repeated daily sessions that could produce long-
lasting benefits to performance, but also avoid obstacles to feasi-
bility related to multiple clinic visits. Future research is needed to
test the optimal means of administration of tDCS, but our pre-
liminary results indicate that stimulation to the prefrontal cortex
may be a promising method by which to improve attentional def-
icits in breast cancer survivors with cancer-related cognitive
impairment.
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