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Abstract

Background

tDCS studies typically find that: lowest levels of comfort occur at stimulation-onset; young

adult participants experience less comfort than older participants; and participants’ blinding

seems effective at low current strengths. At 2 mA conflicting results have been reported,

questioning the effectiveness of blinding in sham-controlled paradigms using higher current

strengths. Investigator blinding is rarely reported.

Objective

Using a protocol with 30 min of 2 mA stimulation we sought to: (a) investigate the level of

perceived comfort in young and older adults, ranging in age from 19 to 29 years and 63 to

76 years, respectively; (b) test investigator and participant blinding; (c) assess comfort over

a longer stimulation duration; (d) add to the literature on protocols using 2 mA current

strength.

Methods

A two-session experiment was conducted where sham and active stimulation were adminis-

tered to the frontal cortex at the F8/FP1 sites in a within-subjects manner. Levels of per-

ceived comfort were measured, using a visual analogue scale, at the start and end of

stimulation in young and older adults. Post-stimulation, participants and investigators

judged whether or not active stimulation was used.
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Results

Comfort scores were lower at stimulation onset in both age groups. Older adults reported:

(i) more comfort than young participants overall; (ii) comparable levels of comfort in sham

and active stimulation; (iii) significantly more comfort than the young participants during

active stimulation. Stimulation mode was correctly identified above chance in the second

of the two sessions; 65% of all participants correctly identified the stimulation mode, result-

ing in a statistical trend. Similarly, the experimenter correctly identified stimulation mode

significantly above chance, with 62% of all investigator judgements correct across 120

judgements.

Conclusions

Using 2 mA current strength over 30 minutes, tDCS stimulation comfort is lower at stimula-

tion onset in young and older adults and, overall, lower for young participants. Investigators

and participants may be able to identify active stimulation at above chance levels, although

accuracy never exceeded 65% for either participants or the experimenter. Further research

into blinding efficacy is recommended.

Introduction
Transcranial direct current stimulation (tDCS) is a method of neuromodulation that modifies
the threshold for neuronal excitation in a polarity-dependent way [1–5]. tDCS has shown
potential in both research and clinical applications (for review see [6]). For example, recent
research has found that certain cognitive capabilities can be enhanced in healthy [7] and brain-
damaged [8] adults. In addition, tDCS has been used to facilitate stroke rehabilitation [9],
attenuate addiction [10] and pain [11], treat depression [12] and several other neurological and
psychiatric disorders (e.g. [13,14,15]). Parallel to the above developments is the important
research into the safety, comfort (i.e. tolerability of electrical stimulation) and blinding robust-
ness of tDCS double-blind sham-controlled trials.

In a recent systematic review of 209 studies (from 172 articles) regarding adverse effects
(AEs) associated with tDCS, Brunoni and colleagues (2012) found that tDCS is safe and well
tolerated when used for 1 to 2 sessions with healthy participants. The two most commonly
reported symptoms were itching and tingling, with no statistically significant differences
observed between active and sham conditions, though these symptoms were higher in the
active compared to the sham group. Burning sensations and discomfort were reported in a
small proportion of participants [1]. A more recent study investigating perceptibility in tran-
scranial electrical stimulation in 693 different sessions found a similar profile of symptoms
with pinching and itchiness as the two most commonly reported symptoms [16]. Importantly,
Brunoni and colleagues (2012) also found a selective reporting bias where 44% of the 209 stud-
ies did not report the presence/absence of AEs, suggesting that continued research in this area
is necessary.

Skin irritation and discomfort, which are caused by excitation of peripheral nerves and elec-
trochemical reaction at the electrode-skin interface during electrical stimulation [17], are the
most commonly cited issues with tDCS testing [1,3,18,19]. Levels of comfort could also be
influenced by additional factors, such as age. Ageing skin tends to be dryer as collagen, elastin
and subcutaneous fat levels in the skin decrease [20,21], thereby reducing skin conductance
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and, arguably, decreasing perceived comfort. However, two sham-controlled studies reporting
on perceived comfort during tDCS stimulation [22,23] found that older participants experi-
enced less discomfort during stimulation than young adults. These studies used 1 mA current
for 20 minutes and 1.5 mA for 10–20 minutes, respectively. In particular, Kessler and col-
leagues (2012) found that the proportion of reported sensory symptoms declined with each
added year of age. More recently, Fertonani and colleagues (2015) similarly found, using a cur-
rent strength of 2 mA with 35 cm2 electrodes, that older participants reported less discomfort
compared to young participants. They used a questionnaire that measured a number of specific
symptoms plus an overall discomfort measure to indicate the level of discomfort perceived.
These findings are consistent with a recent evoked potentials study investigating age-related
sensitivity to electrical stimulation [24]. Regrettably, these tDCS studies provided very little
[22] or no [16,23] data regarding participants’ blinding.

Studies investigating blinding robustness at 1 mA current strength, using a standard proto-
col for sham where stimulation is ramped up and down with a short stimulation duration (i.e.
� 30 s), found that participants could not reliably distinguish active from sham stimulation
[22,25,26]. These findings correspond to similar outcomes relating to perceived comfort where
sensations, such as itching and tingling, reported in active compared to sham conditions were
similar [22,23,25,27]. At higher current strengths, such as 2 mA, previous studies show that the
disparity between perceived comfort in active and sham condition is greater [23,28,29] and
therefore it follows that using a higher current strength is more likely to undermine blinding
robustness, particularly in within-subjects designs where both active and sham conditions are
administered to each participant. Indeed, two recent within-subjects double-blind sham-con-
trolled studies, using the same current density (2 mA/35 cm2 = 0.0571 mA/cm2) and delivered
over the same duration (20 min), reported conflicting outcomes. O’Connell and colleagues
(2012) found that their participants could detect the stimulation received at an above chance
level. In contrast, Palm and colleagues (2014) found that participants could not reliably distin-
guish between active and sham stimulation. There were important methodological differences
between the two studies which may have led to the different results. Firstly, O’Connell and col-
leagues (2012) told participants that both stimulation conditions would be administered,
whereas Palm and Colleagues (2014) did not. Secondly, Palm and colleagues (2014) wanted to
accentuate the difference between sham and active stimulation, therefore not even a minimal
form of active stimulation was given during sham, while O’Connell and colleagues (2012)
delivered 30 s active stimulation at the start of the sham condition to mimic the effects of active
stimulation. Thirdly, sample size, ramp-up/down times, electrolyte solution and wash-out peri-
ods also differed between these studies [29,30]. Further clarification regarding blinding efficacy
with this design is therefore needed.

Outcomes on investigators’ blinding seem more consistent. Across different levels of current
strengths (1 mA to 2 mA) investigators are better able to discern active compared to sham
stimulation than participants, whether as participants themselves [26,31] or as observers
[29,30]. The latter results are concerning, particularly in the context of double-blind clinical tri-
als where the researcher may have to interact with the participant following tDCS stimulation.
Skin redness appeared to be the only observed reaction that yielded a significant difference
between stimulation conditions [29,30].

The present study used a within-subjects double-blind sham-controlled design with two
main objectives: a) to compare the perceived comfort levels in healthy young and older adult
volunteers at 2 mA; and b) to fully assess blinding robustness in a within-subjects design for
participants and the investigator. Thereby, we aim to present a more complete picture of com-
fort and blinding efficacy in healthy aging adults compared to a young sample. In accordance
with our previously published work [28], the above was undertaken using a longer active
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stimulation phase (30 min compared to� 20 min) and a longer sham stimulation phase (1
min compared to�30 s) than typically used in previous comfort studies (e.g., Refs.
[22,23,25,29,30]).

Methods and Materials
The study was approved by the University of Essex Faculty of Science and Engineering Ethics
Committee and was conducted in accordance with the Declaration of Helsinki. All participants
gave written informed consent.

Participants
Sixty-four right-handed adults took part in the present study. We recruited participants from
two separate age groups: young adults and older adults. Our young adults sample comprised 34
participants (22 female) ranging in age from 19 to 29 years (M 21.9, SD 2.6). Our older adults
sample comprised 30 participants (23 female) ranging in age from 63 to 76 years (M 68.6, SD
4). Prior to taking part, all participants completed two screening questionnaires: a brief medical
history and a transcranial magnetic stimulation Adult Safety Screen (TASS) with the added
question, “Have you ever had an adverse reaction to Transcranial Direct Current Stimulation?”
[32]. Applicants were eligible to take part if they confirmed no adverse reaction to transcranial
magnetic or direct current stimulation, had no brain injuries, history of neurological disorders,
drug addiction or recreational drug use, nor diagnosis of any psychiatric disorder and were not
taking medications affecting the central nervous system. We also excluded individuals fitted
with electronic medical devices. Older participants also completed the Mini-Mental State
Examination (MMSE) [33]. The MMSE is a reliable, 30-item measure of cognitive functioning.
Scores ranging from 24 to 30 indicate the absence of cognitive impairment [34]; we excluded
participants scoring below 26. Although we report here on the comfort of tDCS stimulation,
this study is part of a larger investigation into emotional prosody and in terms of this focus we
also administered the DASS-21 (Depression Anxiety Stress Scales) [35]. Research has shown
that negative emotional states such as depression can adversely affect the ability to recognise
emotions [36]. The DASS-21 was therefore administered to assess whether any participants
were severely depressed (i.e. scored higher than 21 on the DASS depression scale). In addition,
evidence suggests that anxiety and depression modulate pain perception [37]. From a comfort
perspective, the DASS scores would allow us to report any impact of anxiety, depression or
stress on perceived comfort during tDCS stimulation. The DASS-21 is a self-report question-
naire measuring depression, anxiety and stress. Each scale comprised 7 items measured on a
4-point rating scale (“Never”– 0 to “Almost Always”– 3) and has a possible score range of 0 to
21. The manual recommends multiplying these scores by 2 to be comparable with the full
DASS. Thus, scores reported here range from 0 to 42 per scale with a summed total score of up
to 126. We recruited participants from the students’ population on campus and through local
newspaper advertisements in Colchester, UK.

Study design
We used a within-subjects design, where participants received two stimulation conditions,
active and sham, over two sessions, at least 7 days apart. We calculated that a sample size of 30
per group would achieve a power of approximately 80% to detect a significant difference
between sham and active stimulation assuming a medium effect size (d = 0.5) of the active vs
sham manipulation of comfort levels. The order of active and sham stimulation was counter-
balanced across participants. The same montage was used in both sessions: right anodal (F8)/
left cathodal (FP1). The delivery of the stimulation conditions utilised a double-blind
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approach. For this purpose, we used the “study mode” of the tDCS stimulator. This mode aims
to produce similar sensory experiences to mask the stimulation condition administered. The
experimenter used a list of block-randomised codes provided by the principal investigator to
execute each stimulation session. The experimenter knew that all participants would receive
both conditions, but was blind to the order. The experimenter taped a small cardboard flap
over the display window as an extra assurance that none of the information displayed could
indicate the mode of stimulation.

tDCS Stimulation
a) Equipment and preparation. We used a DC-Stimulator Plus with a tDCS Equipment

Electrode Set (Neuroconn GmbH, Germany). The latter comprised two electrode cables to con-
nect the tDCS stimulator to the electrodes, two 35 cm2 conductive rubber electrodes which
were inserted into corresponding 35 cm2 sponges (composed of 70% regenerated cellulose and
30% cotton). The sponge-electrodes were secured to the head using non-conductive elasticised
head straps (up to 5 straps were used to ensure that the sponge-electrodes made good contact
with the skin).

The sponge-electrodes were soaked in approximately 20 ml of saline solution. The NaCl
concentration used was 100 mM dissolved in distilled water. This concentration was based on
the findings of Dundas and colleagues (2007) who recommended using NaCl concentrations
ranging from 15 mM to 140 mMNaCl because, within this range, perceived comfort was
greater and required relatively low voltage while still producing good current conduction. To
apply the saline with a syringe, the sponges were placed on a dry towel, on a clean table. This
method ensured that any excess solution was soaked into the towel so that the sponges did not
drip when secured to the head. The electrodes were then inserted. The sponges were checked
before stimulation began to ensure that they were very moist. If not, more saline solution was
carefully re-applied to the sponge/s using the syringe. After each use, the sponges were washed
thoroughly and towel-dried. The sponges and electrodes used for this study were new and were
regularly inspected for wear/irregularities. The electrodes were positioned according to the
International 10–20 system for EEG electrode placement [38]. For this purpose, we used a
blank EEG cap with marked-out cross-referenced positions. We also measured the vertex to
ensure that our orientation of the cap was correct. The F8 and FP1 positions were close to the
edges of the cap, allowing us to mark out the positions with relative ease, using a non-perma-
nent marker. The sponge-electrodes were placed in the centre of the marked position. Prior to
measurements of the head being taken, the skin was inspected to ensure that there were no
lesions or rashes. The skin was then gently cleaned with an alcohol wipe or damp cloth (patted
dry) if preferred.

b) Stimulation protocol. In the active stimulation condition, a current strength of 2 mA
was applied over 30 min (1800 s) with a ramp-up and ramp-down period of 30 s. We used a
longer active stimulation period to accommodate the length of the cognitive tasks undertaken.
In addition, we wished to replicate and extend our previous between-subjects findings regard-
ing perceived comfort and blinding using the same testing protocols [28]. In the sham condi-
tion, ramp-up duration was 30 s followed by 1 min of 2 mA stimulation then a 30 s ramp-
down. The neuroConn DC-Stimulator Plus device calculates the length of active stimulation by
dividing the programmed stimulation duration (in seconds) by 30 [39]. Using 1 min of active
stimulation is proportionate to the longer active stimulation duration used in this study, com-
pared to other studies which typically use� 30 s active stimulation for a stimulation duration
of� 20 min. For the rest of the sham stimulation, the stimulator produced a small current
pulse every 550 ms (110 μA over 15 ms). The peak current duration was 3 ms. Average current
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over time was not more than 2 μA, which has no therapeutic effect [39]. At the start of each
tDCS stimulation session the small display window on the stimulator was checked to ensure
that the device was working correctly. The stimulator is designed to cut out at 26 V, making a
loud beep sound. Participants were not told that they might receive sham stimulation.

Tasks
a) Visual Analogue Scales. Participants completed visual analogue scales (VAS) measur-

ing comfort during stimulation. We adopted the comfort VAS from [28]: participants were
asked to indicate how comfortable they felt at that moment by placing an “x” on a horizontal
line anchored at 0 cm with “very uncomfortable” and 10 cm with “very comfortable”. Scores
ranged from 0 to 10, with a higher score indicating greater comfort. Participants could also
choose to describe the nature of discomfort in the open-ended question.

b) On/off judgement questionnaire. The on/off judgement questionnaire required partic-
ipants to answer ‘yes’ or ‘no’ to the question “Do you think that you received active stimulation
during your participation in this study?”.

c) Cognitive tasks. In addition to comfort monitoring, participants also completed two
emotion-based judgement tasks during stimulation. In the first task, participants were asked to
look at a range of facial expressions shown on a computer screen and identify the emotion they
thought was expressed. In the second task, participants had to listen to a range of pseudo-sen-
tences spoken in different tones of voice and identify the emotion they thought was expressed.
Analyses on these tasks are not reported here.

Procedure
Testing took place in a laboratory at the Department of Psychology, University of Essex, which
comprised a single well-lit room containing a desk and two chairs as well as a researcher obser-
vation area which faced a sound booth.

Prospective participants were screened either prior to or at session 1. At the outset, partici-
pants were required to watch a short video demonstrating the procedure and safety of taking
part in tDCS research (https://www.youtube.com/watch?v=hp6bBs16g28) and signed an
informed consent form. Participants then completed the DASS-21 questionnaire. All task
instructions and procedures were then explained in full. For the duration of the stimulation
period participants were seated in front of a computer screen and button box in the sound
booth, which had a window and was wired for sound to ensure audio-visual contact through-
out testing. The experimenter administered the first VAS (time 1) immediately following the
30 s ramp-up period and the second VAS 30 s (time 2) before ramp-down commenced. The
cognitive tasks were completed sequentially, as shown in Fig 1.

At the end of session 2, which followed the same procedure as session 1, each participant
completed two on/off judgements; one for each session. The experimenter completed an on/off
judgement at the end of each session, out of sight of the participant and before removing the
electrodes from the skin. Participants were debriefed at the end of session 2.

Statistical analysis
We analysed comfort using a mixed analysis of variance (ANOVA). Stimulation condition
(active, sham) and time (time 1, time 2) were the within-subjects variables and age group
(young vs older adults), the between-subjects variable.

To analyse the on/off judgements two important issues were considered in choosing the
most appropriate method of analysis. Firstly, we led participants to expect active stimulation in
both sessions, therefore a bias towards selecting ‘yes’ (i.e. ‘on’) was likely to occur. Secondly,
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participants made two judgements each, but we wanted to know how each participant per-
formed by session and whether participants improved in their accuracy in the second session
based on their experience in session 1. We therefore chose to assume that each trial was inde-
pendent within each session and conducted a binomial test by session on the number of correct
trials out of 30 (by age group) and out of 60 (overall sample). Additionally, we applied a McNe-
mar test, comparing the change in the proportion of correct stimulation’s detection between
session 1 and session 2 to assess whether there was a significant change in accuracy between
sessions.

The experimenter performed 120 judgements in total (60 per age group). We assumed inde-
pendent trials for these judgements and performed the binomial test on the total trials
(n = 120). We also acknowledge that this assumption may be considered too liberal, thus we
provide a table with the proportions of correct/incorrect judgements in the active and sham
conditions. These data should provide relatively clear indications regarding investigator blind-
ing robustness.

The alpha level was 0.05 and Bonferroni adjustments were applied where appropriate.

Results
Data from four young female participants were excluded from analysis. One female (age 20)
withdrew without giving a reason; one female (age 23) withdrew due to discomfort following
session 1. We excluded two further female participants’ data (both age 21), because they had
developed a small blister or red mark at the F8 electrode site during testing. In both cases the
lesions cleared up completely within 6 days following stimulation.

Fig 1. Diagram of the time course for the 30-minute stimulation period at 2 mA.Comfort was measured at the onset of full current strength of stimulation
(time 1) and 30 s before the end of stimulation duration (i.e. directly before ramp-down commenced). In the first 5 min of stimulation participants completed
Task 1. In the remaining 25 min, participants completed Task 2. The two tasks were completed sequentially, during a continuous period of 30 min tDCS
stimulation. Please note: this diagram is not to scale.

doi:10.1371/journal.pone.0149703.g001

Comfort and Blinding Efficacy in tDCS Research

PLOS ONE | DOI:10.1371/journal.pone.0149703 February 22, 2016 7 / 16



The final sample analysed comprised 60 participants, 30 in each age group. Twelve young
(35%) and 1 (3%) older participants had previously taken part in an unrelated tDCS study at
the university, thus non-naïve. We do not know whether they received either sham or active
stimulation conditions or both. Older participants’MMSE scores were� 27; biographical
details are presented in Table 1.

DASS scores for the two age groups were comparable. Both a one-way ANOVA and Krus-
kal-Wallis tests was performed with identical results. We conducted a Pearson product-
moment correlation on the 3 scales of the DASS-21 and the total score in relation to the time 1
and 2 comfort scores collected during active and sham stimulation. The results indicated that
there is no linear association between comfort scores and negative emotional state as measured
by the DASS-21 (p’s� 0.1). Table 2 presents the descriptive data and p-values for DASS scores
by group.

Comfort
Overall, 28.3% (n = 17/60) of participants scored below 5 on our 0–10 cm VAS comfort scale
during active stimulation, whereas the proportion was 13.3% (8/60) during sham. Table 3

Table 1. Biographical information of analysed sample.

young adults (n = 30) older adults (n = 30)

Mean (SD) age (years) 21.93 (2.7) 68.57 (4.0)

Sex (female; male) 18;12 23;7

Educational level: (up to A-levelsa; higher educationb) 0;30 10;20

MMSE (score out of 30) N/A � 27

Naïve to tDCS (yes; no) 18;12 29;1

a Number of participants who are secondary school leavers.
b Number of participants who continued on to higher education (e.g. university degree, diploma, vocational

training)

doi:10.1371/journal.pone.0149703.t001

Table 2. DASS-21 mean (standard error) andmedian scores and p-values, by group.

Young adults Older adults Kruskal-Wallis Test

Scale (score range) M (SE) Median (range) M (SE) Median (range) p

Depression (0–42) 4.13 (0.68) 4 (0–12) 3.33 (0.73) 2 (0–18) > 0.2

Anxiety (0–42) 4.07 (0.92) 3 (0–20) 2.47 (0.57) 2 (0–14) > 0.2

Stress (0–42) 8.20 (1.34) 6 (0–22) 7.07 (1.05) 6 (0–22) > 0.2

Total (0–126) 16.40 (2.34) 13 (0–52) 12.87 (2.04) 10 (0–52) > 0.2

doi:10.1371/journal.pone.0149703.t002

Table 3. Descriptives (means and SEs) of age group by stimulation condition and time.

Active Stimulation Sham Stimulation Stimulation Condition

Time 1 Time 2 Time 1 Time 2 Active Sham

AGE M (SE) M (SE) M (SE) M (SE) M (SE) M (SE)

19–29 YEARS (n = 30) 4.67 (0.35) 6.57 (0.37) 4.86 (0.38) 8.17 (0.22) 5.62 (0.30) 6.51 (0.23)

63–76 YEARS (n = 30) 6.23 (0.35) 7.60 (0.37) 5.78 (0.38) 8.30 (0.22) 6.91 (0.30) 7.04 (0.28)

TOTAL SAMPLE (n = 60) 5.45 (0.27) 7.09 (0.27) 5.32 (0.27) 8.23 (0.15) 6.27 (0.22) 6.78 (0.18)

doi:10.1371/journal.pone.0149703.t003
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presents the descriptive data for age group by stimulation condition and time. We found signifi-
cant main effects of stimulation condition (F(1, 58) = 8.38, p<0.01) and time (F(1,58) = 107.20,
p< 0.01) indicating that participants were more comfortable during sham (M 6.78, SE 0.18)
than active stimulation (M 6.27, SE 0.22) and that comfort was higher at time 2 (M 7.66, SE
0.19) than time 1 (M 5.39, SE 0.23). The main effect of age was significant (F(1,58) = 6.46,
p< 0.015) with the older group (M 6.98, SE 0.25) reporting higher levels of comfort than young
participants (M 6.07, SE 0.25). The stimulation condition by age (F(1,58) = 4.72, p< 0.035) and
stimulation condition by time interactions (F(1,58) = 20.82, p< 0.01) were significant.

Post-hoc follow-up tests were conducted with a Bonferroni-corrected alpha of p = 0.008.
Simple main effects analyses for the age by stimulation condition interaction revealed that only
in the young group were comfort levels significantly lower in the active (M 5.62) than sham (M
6.51) stimulation condition (t(29) = -3.854, p = 0.001); comfort levels were comparable for
both stimulation conditions in the older group (M 6.91vs M 7.04) (t(29) = -0.480, p> 0.6). We
also compared comfort between young and older groups within each stimulation condition.
Independent samples t-tests revealed that, in the active stimulation condition only, comfort
levels were significantly lower in the young (M 5.62) than older group (M 6.91) (t(58) -3.005,
p = 0.004); scores were comparable during sham (t(58) -1.443, p> 0.1). For the time by stimu-
lation condition interaction effect we compared active with sham stimulation for each time
point across groups. Paired-samples t-tests showed that only at time 2 was there a significant
difference between stimulation conditions (t(59) -5.143, p< 0.001); comfort scores were lower
during active (M 7.09) compared to sham (M 8.23) condition. At time 1 scores were compara-
ble: (t(59) 0.537, p> 0.5). Finally, the time by age group and the stimulation by time by age
group interactions were not significant (Fs< 2.26, ps� 0.10).

To assess whether our 13 ‘non-naïve’ participants responded differently to our ‘naïve’ par-
ticipants, we conducted a mixed ANOVA with stimulation condition (active vs. sham) and
time (time 1 vs. time 2) as within-subjects variables and naïve to tDCS (yes vs. no) as between-
subjects variable. We found that naïve participants (n = 47) reported levels of comfort compa-
rable to that of non-naïve participants (n = 13) (F(1,58) 1.92, p> 0.15). Moreover, this factor
did not significantly enter in any significant interaction including the other factors (Fs< 1.94,
ps> 0.17).

On/off judgements
Table 4 presents the on/off judgements for participants compared to actual stimulation condi-
tions for each session, by age group. As expected, the table shows there is a bias among partici-
pants towards selecting active stimulation. In both sessions the proportion of participants who
believed they were given active stimulation was 85%. For the experimenter, the proportions
were 40% and 50% for session 1 and 2, respectively.

Referring to Table 4, session 1, 83% of participants (25/30) who received active stimulation
and 13% (4/30) of the sham recipients were correct in their judgements. In session 2, the figures
were 100% (30/30) and 30% (9/30), respectively.

The binomial test indicated that in session 1 participants were not able to successfully detect
above chance which stimulation condition they received (i.e. 29/60, 48%, p> 0.10). However,
in session 2 the result showed a trend (i.e. 39/60, 65%, p = 0.027, corrected α = 0.025) indicating
that participants were able to discern above chance the stimulation condition administered.
The McNemar test was performed to assess whether the proportion of successes, in terms of
judgements correct, had changed between sessions. However, no significant increase was found
(p> 0.50), suggesting that the participants’ experience in session 1 did not affect their session
2 judgements.
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The binomial test conducted for age group at each session revealed no statistically signifi-
cant findings in either the young (53% and 63%, ps> 0.05) or the older group (43% and 66%,
ps> 0.05). A further ancillary analysis showed that non-naïve participants were no more accu-
rate in their session 1 judgements (p> .90) than naïve participants (p> 0.70). Session 2 judge-
ments were not analysed as all non-naïve participants responded that they had received active
stimulation.

Table 5 presents the on/off judgements for the experimenter compared to actual stimulation
conditions for each session, by age group. The experimenter correctly identified the stimulation
condition delivered in 74 out of a total of 120 trials (62%), which is above chance with the bino-
mial test (p< .015). Greater details on the experimenter accuracy in detecting the correct type

Table 4. Participant judgements compared to actual stimulation condition, by session by age group.

Stimulation Condition Binomial testa

Participant judgements Active Sham Totals p

Session 1 Young ACTIVE 15 14 29

SHAM 0 1 1 > 0.50

Older ACTIVE 10 12 22

SHAM 5 3 8 > 0.50

Totals 30 30 60

Session 2 Young ACTIVE 15 11 26

SHAM 0 4 4 > 0.10

Older ACTIVE 15 10 25

SHAM 0 5 5 > 0.05

Totals 30 30 60

Bonferroni correction = 0.05/2 = 0.025
aThe Binomial test refers to the proportion of correct responses about stimulation conditions per group and per session. Other analyses on data collapsed

within sessions or across sessions, where appropriate, are provided in the main text.

doi:10.1371/journal.pone.0149703.t004

Table 5. Experimenter judgements compared to actual stimulation condition, by session by age group.

Stimulation Condition Binomial testa

Experimenter judgements Active Sham Totals p

Session 1 Young ACTIVE 9 5 14

SHAM 6 10 16 > 0.10

Older ACTIVE 6 4 10

SHAM 9 11 20 > 0.50

Totals 30 30 60

Session 2 Young ACTIVE 9 5 14

SHAM 6 10 16 > 0.10

Older ACTIVE 10 6 16

SHAM 5 9 14 > 0.10

Totals 30 30 60

Bonferroni correction = 0.05/2 = 0.025
aThe Binomial test refers to the proportion of correct responses about stimulation conditions per group and per session. Other analyses on data collapsed

within sessions or across sessions, where appropriate, are provided in the main text.

doi:10.1371/journal.pone.0149703.t005
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of stimulation are given in Table 5. Note that accuracy in detecting the correct stimulation
mode, both among participants and for the experimenter, never exceeded 65%.

Discussion
This investigation examined the impact of 2 mA tDCS stimulation over 30 min on comfort
and blinding efficacy in young and older healthy adults. The comfort analyses revealed two key
findings: First, older adults found both active and sham stimulation to be comparable, with
responses in both stimulation conditions towards the ‘comfortable’ end of the comfort scale.
By contrast, young adults found active stimulation significantly less comfortable than sham.
Second, in the active condition only, young participants were significantly less comfortable
than older participants.

In the on/off analyses our two main findings were: First, neither the young nor older partici-
pants could accurately detect which stimulation condition they had received in each session.
Similarly, the experimenter was unable to accurately judge stimulation condition in each ses-
sion within each group. Second, in the overall analysis, participants were fairly accurate in their
judgements of session 2 with 65% of judgements correct. They were not accurate about session
1. The experimenter was accurate significantly above chance across 120 judgements.

Participants tolerated the stimulation well given that 72% of participants reported overall
comfort levels greater than 5 on the 10 cm VAS. By comparison, Dundas and colleagues (2007)
found, at 1 mA current strength with a very similar measure (11 point VAS with 0 as “very
uncomfortable” and 10 as “very comfortable”), that 58.93% fell within the upper half of the
comfort scale (5–10 cm). At 2 mA current strength, using a 5-poing rating scale ranging from
“not at all unpleasant” to “highly unpleasant”, Palm and colleagues (2014) found that 50% of
participants rated tDCS stimulation as “not at all unpleasant”, 30% as “lightly unpleasant” and
20% as “moderately unpleasant”, their highest reported discomfort rating. Other studies, using
a range of current strengths, reported similar results (e.g. [16,22,25,40]).

The age effect for comfort found in the present study is consistent with previous tDCS
results [16,22,23] as well as Kemp and colleagues’ (2014) findings. The latter study [24] found
evidence showing that reduced sensation in the skin is due to dysfunction of the peripheral/
central nervous system and not age-related changes in skin conductance. Thus, there is a real
perceptual and/or sensorial difference between young and older adults, which means older par-
ticipants could tolerate more electrical stimulation at higher strengths possibly putting them at
risk of injury as they are less sensitive to the discomfort associated with this type of stimulation.
Fertonani and colleagues (2015) argued that other factors may also play a role, such as a lower
propensity to complain and greater tolerability of mild discomfort among the elderly popula-
tion. Given that the results from current perceived comfort tDCS studies are often based on
samples of younger adults [25–31], additional research regarding the safety and comfort of
elderly participants is advisable. In particular, future studies could include an examination of
the propensity to complain given that this aspect has not been explored in tDCS research and
may be relevant when testing an elderly sample.

Some participants continued to experience mild discomfort throughout testing during the
active condition, given that, at time 2, comfort scores in the active stimulation condition across
participants were significantly lower than sham. Our assessment of negative emotional state as
administered by the DASS revealed no statistical evidence that responses were correlated with
stimulation mode therefore we are confident that participants’ experience of the active tDCS
stimulation was not exacerbated by existing levels of depression, anxiety or stress. We also
reported two cases of lesions at the F8 electrode site. We had used exactly the same tDCS proto-
col with an F3/F4 montage in 195 sessions (61% females) in a previous study without any
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adverse effects [28]. Thus, we speculate that the lesions and continued discomfort during test-
ing were specific to this montage. It is possible that the lesions occurred because of an uneven
current distribution across the area of the anode electrode positioned over the F8 site. This cur-
rent clustering may have been caused by inter-individual differences in the shape of the skull
and/or that the elasticated straps were too tightly secured and caused the bottom corner to lift
slightly [41]. Fertonani and colleagues (2015) recommend using a net-shaped elastic bandage
for uniform adherence to the scalp to ensure consistent contact skin/electrode contact.

Perceptibility and comfort of active stimulation may affect blinding efficacy. Indeed, Ferto-
nani and colleagues (2015) found that anodal stimulation was slightly more perceptible than
sham stimulation, independent of current strength. Though not statistically significant, this
finding suggests that anodal stimulation may be detectable in a sham-controlled study even
when lower current strength is applied. However, previous findings with current strengths
ranging from 1 mA to 2 mA do not support this supposition [22,23,28,29]. The present study
showed that older participants report more comfort than young participants, and particularly
so in the active stimulation condition, indicating that perhaps blinding efficacy is primarily a
concern in young participants. Importantly, in our previous study of young adults [28], con-
ducted using the same tDCS protocol as the present study but utilising a between-subjects
design, we demonstrated that lower levels of comfort did not compromise blinding. Likewise,
in the present study, young participants, despite experiencing lower levels of comfort during
active than sham stimulation, could not distinguish, above chance, which stimulation condi-
tion was received. These findings suggest that while comfort is an important safety and ethical
consideration, it does not, per se, affect blinding efficacy. However, O’Connell and colleagues’
(2012) study, where participants were told that they would be given both stimulation condi-
tions, suggests that blinding effectiveness is linked to participants’ expectations about the tDCS
experience, particularly when sham and active stimulation are given. O’Connell and colleagues
(2012) recommended the use of de facto masking [42] in tDCS research, where participants are
told that they will receive the active treatment condition throughout participation. Participants
would therefore be more likely to anticipate some cutaneous sensations during stimulation, as
appeared to be the case in the present study. Given that expectations may play a pivotal role in
blinding effectiveness, de facto masking may therefore be the most expedient and effective
solution, especially at higher current strengths, particularly when the alternative would be lon-
ger wash-out periods, pre-screening participants for electrical stimulation thresholds or topical
anaesthetics.

In terms of investigator blinding it appears that the experimenter could distinguish active
from sham stimulation, albeit being wrong in over 35% of the trials. This outcome suggests
that completing investigator judgements prior to removing the electrodes did not improve
investigator blinding; a previous study using skin redness as a method of detecting stimulation
mode was accurate in 60% of active stimulation cases [30].

It could be argued that our findings are of limited value because we have not used relatively
conventional levels of current strength (i.e.� 1.5 mA) and/or stimulation duration (i.e.� 20
min). However, tDCS has a wide range of applications and practitioners use current strengths
ranging from< 1 mA to 2 mA over a stimulation duration of a few seconds up to 30 min
[6,16,43]. Indeed, research has shown that effects vary depending on the current strength (e.g.
[14,44]) as well as the duration of stimulation (e.g. [5,45,46,47]). Irrespective of the potential
neurological effects of tDCS, it is not unreasonable to assume that comfort is unrelated to these
effects and that higher current strengths and longer stimulation periods are less comfortable
than lower current strengths and shorter durations. For this reason, examining comfort at the
upper end of the range is likely to be most useful.
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With respect to the issue of perceived comfort, there is a range of additional variables that
may affect perceived comfort during tDCS stimulation that we did not explore in our study,
such as quality of sleep, alcohol and caffeine consumption. Given random allocation of par-
ticipants to the order of the stimulation conditions, it is unlikely that these variables may
have contributed to the outcome we observed. Indeed, our results are consistent with previ-
ous research investigating perceived comfort. Future studies may consider a systematic
analysis of the impact of the above factors on perceived comfort associated to tDCS
stimulation.

Finally, we collected participants’ on/off judgements for both sessions at the end of session 2
to ensure that blinding was not compromised. Had we requested on/off judgements at the end
of each session, participants could have been alerted that, despite being instructed that active
stimulation would be used in both sessions, the tDCS device was possibly also operated in a
sham mode. The impact of our approach, however, may have been that participants were less
able to remember their stimulation experience in session 1 compared to session 2, hence the
slight disparity in the participants’ judgements between sessions. In addition, our on/off judge-
ment question was phrased as a binary question asking whether or not active stimulation was
experienced, not whether active or sham stimulation was experienced. Participants were
already primed to expect active stimulation, therefore this choice of wording may have
enhanced the bias towards active stimulation in participants’ responses. It is to be noticed,
however, that overall accuracy did not differ between participants and the experimenter,
despite the latter being aware of the possibility of the delivery of both sham and active stimula-
tion conditions.

Conclusion
tDCS stimulation is well tolerated, but more so in the older group who reported comparable
comfort levels during active and sham stimulation. Older participants may tolerate electrical
stimulation better, because of sub-optimal processing of perceptual and/or sensorial informa-
tion, which means they may be at a slightly increased risk of harm whilst undergoing tDCS
stimulation. While neither the young nor older sample could distinguish active from sham
stimulation, 65% of participants in session 2 correctly judged stimulation mode suggesting that
blinding may have been compromised. Moreover, the experimenter correctly identified the
stimulation condition at significantly above chance levels even though judgements were com-
pleted before removing the electrodes, thus skin redness was not a factor. Hence we recom-
mend: (a) additional research on perceived comfort for volunteers over 60 years of age; (b)
participants’ expectations should be a key consideration when designing sham-controlled dou-
ble-blind tDCS studies to ensure successful participants’ blinding; (c) experimenter blinding
success requires on-going investigation.

Supporting Information
S1 Dataset. Comfort and blinding dataset. The comfort and blinding dataset contains all the
data that we analysed and presented in this report.
(XLSX)
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