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Abstract

Objective. Current chronic pain treatments target
nociception rather than affective “suffering”
and its associated functional and psychiatric

comorbidities. The left dorsolateral prefrontal cor-
tex (DLPFC) has been implicated in affective, cogni-
tive, and attentional aspects of pain and is a
primary target of neuromodulation for affective dis-
orders. Transcranial direct current stimulation
(tDCS) can non-invasively modulate cortical activity.
The present study tests whether anodal tDCS tar-
geting the left DLPFC will increase tolerability of
acute painful stimuli vs cathodal tDCS.

Methods. Forty tDCS-naive healthy volunteers
received anodal and cathodal stimulation targeting
the left DLPFC in two randomized and counterbal-
anced sessions. During stimulation, each partici-
pant performed cold pressor (CP) and breath
holding (BH) tasks. We measured pain intensity
with the Defense and Veterans Pain Rating Scale
(DVPRS) before and after each task.

Results. Mixed ANOVA revealed no main effect of
stimulation polarity for mean CP threshold, toler-
ance, or endurance, or mean BH time (all P > 0.27).
However, DVPRS rise associated with CP was sig-
nificantly smaller with anodal vs cathodal tDCS
(P 5 0.024). We further observed a significant tDCS
polarity 3 stimulation order interaction (P 5 0.042)
on CP threshold, suggesting task sensitization.

Conclusions. Although our results do not suggest
that polarity of tDCS targeting the left DLPFC differ-
entially modulates the tolerability of CP- and BH-
related pain distress in healthy volunteers, there
was a significant effect on DVPRS pain ratings. This
contrasts with our previous findings that tDCS tar-
geting the left dorsal anterior cingulate cortex
showed a trend toward higher mean CP tolerance
with cathodal vs anodal stimulation. The present re-
sults may suggest tDCS-related effects on nocicep-
tion or DLPFC-mediated attention, or preferential
modulation of the affective valence of pain as cap-
tured by the DVPRS. Sham-controlled clinical stud-
ies are needed.
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Introduction

Treating pain remains a significant medical challenge,
and chronic pain in particular is associated with signifi-
cant psychiatric symptoms, including catastrophizing
about pain, avoidance of potential triggers, and eventual
social withdrawal, reduced quality of life, anxiety, and
depression [1]. Most current pain treatments—primarily
pharmacological approaches—focus on the sensory as-
pect of pain by reducing nociceptive signals. Often such
a treatment is sufficient for acute forms of pain, where
the sensations are expected to be self-limited as an
inciting injury heals. However, studies have shown a link
between acute and chronic pain, noting cortical
changes associated with the transition to chronic pain
[2,3]. This suggests a failed opportunity for early inter-
ventions that could avoid at least some instances of
“pain chronification.” In addition to a sensory compo-
nent, chronic pain includes a cognitive-affective compo-
nent representing the associated “suffering” and
distress—an aspect inadequately treated by current
therapies designed to treat acute pain. Specific cogni-
tive behavioral therapy (CBT) exists to address this af-
fective suffering and has shown clinical efficacy [4–7].
However, access to appropriately trained CBT practi-
tioners is a treatment barrier for many patients.

Non-invasive brain stimulation encompasses several
promising treatment modalities that have been investi-
gated for a variety of neuropsychiatric disorders.
Perhaps the best known is the clinical use of repetitive
transcranial magnetic stimulation (rTMS) of the left
dorsolateral prefrontal cortex (DLPFC) to treat major de-
pressive disorder, which is approved by the U.S. Food
and Drug Administration.

Transcranial direct current stimulation (tDCS) utilizes a
portable, battery-powered stimulator to apply a fixed
weak electrical current to the brain. Anodal stimulation
is thought to increase the excitability of the underlying
cortex, and cathodal stimulation is thought to decrease
the excitability of the underlying cortex [8,9], achieved
by subthreshold modulation of resting membrane poten-
tials [9]. Other investigators have used tDCS to target
cortical areas associated with sensation [10] and higher-
order pain representations [11], and they have used
imaging to demonstrate tDCS-associated changes in
brain metabolism [12].

The DLPFC is part of the medial pain pathway—
comprised of medial thalamus, anterior insula, anterior
cingulate cortex, and posterior parietal cortex—and is
implicated in the affective, cognitive, and attentional as-
pects of pain [13], including pain prediction and evalu-
ation [14]. Functional magnetic resonance imaging
(fMRI) and positron emission tomography (PET) studies
in healthy volunteers have linked the DLPFC to

subjective pain processing [15], anticipated pain [16],
and pain control [17,18]. Regarding pain control specif-
ically, results demonstrated selective activation of an-
terolateral prefrontal cortex, DLPFC, and posterior
parietal cortex following actual control of heat pain,
whereas perceived control corresponded to activation of
the orbitofrontal and mediofrontal cortex [18]. The au-
thors theorized that this dissociation of function may re-
flect the DLPFC’s role in working memory processes
and in the updating of expectations relating to pain re-
lief. In a clinical population of chronic low back pain pa-
tients, DLPFC gray matter density was reduced [19] and
functional connectivity altered [20], again suggesting the
structure’s key role in pain processing.

Pain investigators have attempted to modulate the
DLPFC using both rTMS and tDCS, although the find-
ings can be discrepant [13]. DLPFC rTMS has improved
pain tolerance and analgesia of healthy volunteers [21–
23]. A recent meta-analysis of tDCS targeting three
superficial components of the “pain neuromatrix”—
DLPFC, primary motor cortex (M1), and primary som-
atosensory cortex (S1)—showed that anodal tDCS of
both the DLPFC and M1 reduced rated pain intensity in
chronic pain patients [24]. However, the authors advised
caution in interpreting their findings owing to small sam-
ple sizes and inadequate blinding in many of the
included studies. A double-blinded study showed that
anodal tDCS of the left DLPFC significantly reduced rat-
ings of unpleasantness and emotional self-discomfort
associated with viewing images of human pain, as com-
pared to sham (placebo) stimulation or tDCS targeting
M1 or occipital cortex (V1) [25]. Such differences may
be associated with changes in EEG power, although the
single-blinded study demonstrating this association was
small [26]. A Chinese study using a variant of the
image-rating task showed contradictory effects on emo-
tional self-discomfort [27], suggesting possible strong in-
fluences of experimental methodology or cultural
context. Additional preliminary evidence suggests lat-
eralization of the DLPFC’s role in emotional responses
to viewing painful video clips when the left and right
DLPFCs were targeted with anodal and cathodal tDCS
[28]. The left DLPFC has been further implicated in per-
ceived pain control, with anodal tDCS associated
with lower pain unpleasantness ratings than cathodal
tDCS [29].

Given the DLPFC’s particular role in the affective, cogni-
tive, and attentional aspects of pain—as opposed to the
sensory and nociceptive aspects—and its importance
for emotion regulation in general, we theorized that
increasing excitability of the left DLPFC with anodal
tDCS would decrease the subjective emotional distress
caused by acutely painful laboratory stimuli in healthy
volunteers without necessarily altering pain intensity rat-
ings. It should be noted that this hypothesis differs from
that of our prior study [30]. In that work, we theorized
that cathodal (inhibitory) tDCS targeting the left dorsal
anterior cingulate cortex (dACC) would decrease emo-
tional distress from acute painful stimuli versus anodal
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stimulation, based partially on cingulotomy studies
showing that ablation of the dACC could selectively in-
crease pain tolerability without necessarily decreasing
pain intensity [31–34]. We carried out the present study
in 40 healthy volunteers, expecting anodal tDCS target-
ing the left DLPFC to increase tolerance to distress
associated with acutely painful stimuli, as compared to
cathodal stimulation. We also expected no change in
pain intensity as rated with a visual analog scale.

Methods

The design of the present study was adapted from our
previous study [30]. The methods are briefly reviewed,
with key differences described in further detail.

Participants

Using convenience sampling via paper and online ad-
vertisements, we recruited and enrolled 40 tDCS-naive
healthy participants who were at least 18 years of age,
fluent in English, and right-handed; participants could
be of any race, ethnicity, or sex. The study protocol was
approved by the Butler Hospital Institutional Review
Board, and participants provided written informed con-
sent. Participants were tested in a dedicated, quiet, cli-
mate-controlled room at the hospital by a trained
member of the research staff. Participants were finan-
cially compensated for their participation.

We screened potential participants with the Structured
Clinical Interview for DSM-IV-TR (SCID) Research
Version [35]. As with our prior study, the following were
exclusionary: current Axis I psychiatric disorders, current
use of psychotropic medications, current pain, seizure
disorder, a previous history of skull trauma or intracranial
surgery, presence of metal in the cranial cavity, im-
planted medical hardware, pregnancy, or any other con-
dition that the investigators determined could increase
tDCS-associated risks. We also requested participants
to abstain from caffeine or nicotine for 3 hours prior to
starting the experiment.

Study Setting

As with our prior study, two testing blocks occurred on
the same day, separated by a 90-minute rest interval
(Figure 1). The interval length was selected based on
prior work, suggesting that tDCS-associated effects can
persist for up to 90 minutes post-stimulation [36] and
for methodological consistency with our prior study. As
previously, anodal tDCS targeting the left DLPFC
occurred in one block and cathodal tDCS targeting the
left DLPFC occurred in the other block; we randomized
and counterbalanced the order of stimulation polarity.
Participants were blinded to stimulation polarity; experi-
menters were not. Active tDCS occurred in both
testing blocks; there was no sham condition. This
within-participants design was chosen so as to 1) min-
imize possible difficulties maintaining tDCS sham blind-
ing with a 2 mA active stimulation amplitude [37] and

2) examine the polarity-dependent effects of tDCS neu-
romodulation targeting the left DLPFC.

tDCS

To target the left DLPFC, the stimulating electrode was
placed on the scalp at F3 per the 10–20 electroenceph-
alography (EEG) system. The return electrode was
placed over the contralateral mastoid process.
Electrodes were carbon rubber and enclosed in 3�5
cm sponge pockets saturated in normal saline (0.9%
NaCl) and held on the scalp with rubber headbands ad-
justed to fit snugly but comfortably. No hair was shaved.
To enhance connection, conductive gel (Microlyte,
Coulbourn Instruments, Whitehall, PA, USA) was applied
to the scalp beneath the sponge pockets. Electrodes
were then connected to a battery-powered Soterix 1X1
bipolar tDCS device (Soterix Medical Inc., New York, NY,
USA). Before stimulation, impedance of the electrode-to-
scalp interface was checked with the device to ensure
that it remained at or below a predetermined safety cut-
off level. The amplitude of the tDCS was ramped up to 2
mA over 30 seconds and then maintained for 20 minutes
before being ramped back down to 0 mA. The current
was otherwise lowered by the tDCS staff only in the
event of poor tolerability. We began tDCS 7 minutes be-
fore the first experimental task to acclimate participants
fully to stimulation; similar studies of tDCS-associated ef-
fects on cognitive task performance [38,39] used accli-
mation periods of 4–5 minutes.

Tasks

As in our prior study, pain intensity was measured with
the validated and self-rated Defense and Veterans Pain
Rating Scale (DVPRS) [40]. With this 11-point visual
analog scale, 0 indicates no pain and 10 indicates the
most severe pain. Ratings were obtained after the first 7
minutes of tDCS in each testing block and immediately
after each of the experimental tasks.

For the present study, we wished to focus on the cold
pressor (CP) task [41] since in our prior study it had ex-
hibited trend-level effects suggesting possible modulation
by cathodal tDCS targeting the left dACC [30]. To that
end, in each testing block we administered the CP task
first, followed by the breath-holding (BH) task [42,43].
We omitted the pressure algometer because of signifi-
cant sensitization effects in our prior study. In no in-
stance did the preprogrammed 20 minutes of tDCS
elapse before all tasks were completed. The CP task
involved immersing the participant’s dominant (right)
hand and arm in an ice water bath using our previously
described apparatus [30]. Briefly, our apparatus con-
sisted of an insulated vessel with a cylindrical mesh
screen to separate the ice from the remainder of the
water bath, thereby preventing direct contact between
the ice and the participant’s skin. This design made it
possible to maintain good temperature uniformity to
33 6 1�F without a water circulator. As previously,
threshold was the total time elapsed from task onset until
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the participant reported pain, tolerance was the total
time elapsed from task onset until the participant
removed his or her hand (maximum 5 minutes for safety),
and endurance was the difference between tolerance
and threshold [44,45]. If participants reached the
5-minute safety limit for threshold and/or tolerance, they
were asked to remove their hand from the CP’s ice
water bath and a 300-second threshold and/or tolerance
time was recorded. For BH, we measured the total time
a participant was able to hold a deeply inspired breath. If
a participant completed both tasks before the entire 20
minutes of preprogrammed tDCS had elapsed, the
stimulation was manually ended after completion of the
tasks.

Data Analysis

As previously, the difference between post-task and
baseline DVPRS ratings was used for statistical ana-
lyses. For the CP task, endurance was calculated as
the difference between tolerance and threshold; there-
fore, it was not an independent variable. Statistical ana-
lysis comprised mixed ANOVA and t-tests, common for
these types of psychological tasks [41,44–50], as well
as Shapiro–Wilk tests of data set normality. Stimulation
polarity was the within-participants factor; stimulation
order (i.e., cathodal-first vs anodal-first) was the
between-participants factor. We used the usual two-
tailed P<0.05 significance level. All analyses were per-
formed with R 3.0.0 (http://www.r-project.org/) using
the open-source RKWard 0.6.1 graphical user interface
and the rk.anova 0.01–17 plug-in (https://rkward.kde.
org/), as well as SPSS 21.0 (IBM, New York, NY, USA);
both software packages gave identical results.

Results

Participants

Study participants had a mean age of 31.7 years
(standard deviation 13.0, range 18–65) and a median
age of 25.5 years. Twenty-four of 40 participants (60%)
were female.

Sensations from tDCS were mild, typically consisting
of feelings of heat, tingling, or itching. One participant re-
ported mild dizziness. Another participant reported se-
vere itching that did not improve with adjustment of the
electrodes but did resolve when stimulation current was
reduced from 2.0 to 1.8 mA for the second testing
block only. All other participants were able to tolerate
the full 2.0 mA stimulation amplitude without difficulty.

CP and BH Performance

Mixed ANOVA on the full 40-participant data set re-
vealed (Figure 2) no significant main effect of stimulation
polarity for mean CP threshold, mean CP tolerance,
mean CP endurance, or mean BH time (all F1,38< 1.23,
all P > 0.27). There was a significant stimulation polar-
ity� order (anodal-first vs cathodal-first) interaction for
the mean CP threshold (F1,38¼4.44, P¼ 0.042). The
mean threshold was greater for the first testing block
(26.6 seconds vs 23.4 seconds for the second block),
which may suggest task-related sensitization. There was
also a significant main effect of stimulation order on
mean CP endurance only (F1,38¼4.54, P¼ 0.040).
Mean endurance was greater for anodal-first trials (57.5
seconds) than for cathodal-first trials (19.4 seconds);
this result may be driven by mean CP threshold sensi-
tization as endurance is a calculated variable
(tolerance� threshold).

Exactly one participant achieved the 5-minute (300 se-
cond) CP safety limit for threshold and tolerance in both
testing blocks (i.e., with both anodal and cathodal
tDCS). Excluding this participant and re-performing the
mixed ANOVA described previously with the resulting
39-participant data set did not significantly alter our re-
sults, so subsequent analyses were performed using
the full 40-participant data set.

Defense and Veterans Pain Rating Scale

For all experimental trials, baseline DVPRS ratings had a
mean 6 standard error of the mean (SEM) of

Figure 1 Diagram of experimental protocol, adapted from authors’ prior study [30]. The two testing blocks were
separated by a 90-minute rest interval. The polarity of tDCS received during block 1 was randomized and counterbal-
anced; the opposite polarity was delivered during block 2. Within each testing block, there was a 7-minute tDCS ac-
climation period (see text) followed by cold pressor and breath holding tasks. As the cold pressor was the key metric
of interest in the present study, it was always presented before breath holding. Arrowheads at the bottom of the fig-
ure indicate when DVPRS ratings were obtained.
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1.28 6 0.12. DVPRS ratings expectedly rose from base-
line after each painful task (by 4.43 units for CP and
0.57 units for BH). Paired two-tailed t-tests indicated
that these increases were significant for both tasks (all
t> 2.7, all P<0.008). Parsing further, for CP trials, rat-
ings rose by a mean 6 SEM of 4.68 6 0.32 for cathodal
tDCS and 4.18 6 0.32 for anodal tDCS. For BH trials,
ratings rose by 0.58 6 0.25 and 0.56 6 0.34 for cathodal
and anodal tDCS, respectively.

Mixed ANOVA revealed a significant main effect of
stimulation polarity (within-participants factor) on CP
DVPRS rise (Figure 3), with a smaller mean increase (by
0.50 points) with anodal stimulation (F1,38¼ 5.56,
P¼ 0.024). There were no other significant main or
interaction effects for CP or BH. For rigor, we performed
Shapiro–Wilk normality tests for all CP and BH DVPRS
data (i.e., pooled anodal and cathodal trials). Although
these tests suggested rejection of the null hypothesis
that the data were normally distributed, re-analysis of
the CP DVPRS rise data with the non-parametric,
paired, two-tailed, exact Wilcoxon signed-rank test pro-
vided equivalent statistically significant results
(WS¼ 360.5, P¼ 0.023).

Discussion

Our results do not initially suggest that the polarity of
tDCS targeting the left DLPFC differentially modulates
the tolerability of pain-related distress from CP or BH
tasks in healthy volunteers. This contrasts with our prior

pilot study of tDCS targeting the left dACC in another
cohort of 40 healthy volunteers that showed a non-
significant trend toward increased mean CP tolerance
with cathodal versus anodal stimulation and no signifi-
cant effects on DVPRS [30].

However, in the present study we found a robustly stat-
istically significant reduction in the amount by which
DVPRS pain ratings rose following the CP task with an-
odal versus cathodal tDCS targeting the left DLPFC in
healthy volunteers. This relative attenuation in CP
DVPRS rise could reflect direct modulation of nocicep-
tion by tDCS, potentially by increasing pain thresholds,
as suggested by a study using similar stimulation par-
ameters and electric finger shock as the painful stimu-
lus [51]. Given the DLPFC’s role in the medial pain
pathway [13], anodal tDCS may also enhance a shifting
of attentional focus as compared to cathodal tDCS.
Alternatively, the DVPRS may capture some affective
valence of the acutely painful stimuli, and that affective
component may be preferentially modulated by anodal
vs cathodal tDCS targeting the left DLPFC. Note that
the DVPRS uses facial cartoons, colors, and text de-
scriptions as anchors for the various rating levels [40].
Such a design would naturally encourage participants
to consider mood and anxiety factors, potentially alter-
ing cognitive evaluation of the pain [14] and the subse-
quent rating. A future study could characterize this
further by comparing ratings for identical painful stimuli
separately obtained with the DVPRS and a numeric-
only Likert scale.

Figure 2 There was no significant effect of stimulation
polarity on mean CP threshold (not graphed), CP toler-
ance, CP endurance, or BH time (all F1,38< 1.23, all
P > 0.27). Mean values by polarity are below each error
bar. Each participant received both polarities of stimula-
tion in this within-participants design. Error bars repre-
sent 61 standard error of the mean (SEM).

Figure 3 There was a significant main effect of stimu-
lation polarity on the change in DVPRS following the CP
task (F1,38¼ 5.56, P¼ 0.024). There was a smaller rise
in mean CP DVPRS by 0.5 points with anodal stimula-
tion. Each participant received both polarities of stimula-
tion in this within-participants design. Error bars
represent 61 SEM.
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The present study has several limitations, some of which
are similar to those of our prior study. The present study
had no sham control; instead, it compared two active
stimulation conditions. This was done to simplify a com-
plex experimental design, maximize the statistical power
of our sample size, and avoid blinding difficulties noted
with 2 mA tDCS amplitudes [37]. However, this choice
made it impossible to separate polarity-dependent ef-
fects of tDCS from polarity-independent general effects
of stimulation. Furthermore, the choice of a 90-minute
rest interval between testing blocks may be problem-
atic—even though our study demonstrated no signifi-
cant DVPRS polarity� order interactions—in light of
recent work suggesting that tDCS-related effects could
persist for up to 120 minutes post-stimulation [52].
Future studies should consider a longer rest interval or a
multi-day study design.

It is also not possible to state with certainty the volume
of cortex activated by the chosen tDCS electrode mon-
tage. The lack of focality with bipolar tDCS virtually
guarantees that areas adjacent to the left DLPFC were
co-activated. Future studies employing empirically vali-
dated computer modeling or pairing imaging (e.g., EEG
source localization or fMRI) with simultaneous tDCS are
needed to demonstrate cortical target engagement.

The laterality effects of brain stimulation must also be
explored. The left DLPFC is the usual target for clinical
rTMS for major depressive disorder, and there is evi-
dence that rTMS of the left DLPFC also has anti-noci-
ceptive [21] and analgesic effects, perhaps by
modulating the endogenous opioid system [23].
However, other investigators have found evidence that
rTMS of the right DLPFC may preferentially modify the
tolerability of cold pain, although these studies did not
control for handedness [22,53]. Comparisons of rTMS
and tDCS studies should be interpreted with caution, as
rTMS is considered a depolarizing stimulus, in contrast
to the much weaker subthreshold modulation thought
to occur with tDCS [9]. The complexity of the current
experiment’s design precluded comparison of left- and
right-sided tDCS targeting the left DLPFC, but future
studies could better characterize the effects of different
stimulation modalities and of stimulation laterality.

Participants in this study were healthy volunteers receiv-
ing only one day’s worth of tDCS. This is likely an insuf-
ficient dose for a clinical response in a chronic pain
population. Such patients may require multiple sessions
of tDCS over several weeks, similar to how rTMS is typ-
ically prescribed for depression. Although engaging a
different cortical target, various pain studies using tDCS
targeting the motor cortex over multiple (5, 10, or 20)
treatment sessions have shown long-lasting beneficial
effects persisting for up to 12 weeks [10,12,54–59]. We
caution against extrapolating our results obtained in
healthy volunteers to clinical populations, as numerous
studies have demonstrated cortical structural and func-
tional connectivity changes associated with chronic pain
[2,3,19,60], although there is evidence that DLPFC

abnormalities can reverse with pain treatment [7,20].
Nonetheless, the action and effects of tDCS may differ
between healthy and clinical groups, and future studies
must take this into account.

Despite these open questions, the DLPFC remains a
popular target for non-invasive neuromodulation.
Recently, investigators have begun exploring the role of
the DLPFC in placebo analgesia [61]. Current tDCS ef-
forts targeting the DLPFC attempt to modulate placebo
analgesia [62] and fear vigilance [63], with the hope
that these approaches will yield novel pain treatments.
For these and other approaches, rigorous double-
blinded, sham-controlled studies will be needed in
chronic pain populations, using tDCS designed to en-
gage a variety of cortical targets associated with the af-
fective, cognitive, and attentional aspects of pain.

Conclusions

This pilot study generated the unanticipated result
that anodal tDCS targeting the left DLPFC significantly
attenuated the increase in DVPRS pain intensity
ratings following the CP task as compared to cathodal
stimulation. This finding may reflect a reduction in noci-
ception because tDCS shifts attentional focus away
from the painful task. Alternatively, tDCS may selectively
reduce the affective valence of the painful task. This lat-
ter interpretation could be seen as consistent with the
use of neuromodulation of the left DLPFC with rTMS to
treat major depressive disorder. The promising results of
the present study underscore the need for future sham-
controlled studies of non-invasive neuromodulation in
clinical chronic pain populations engaging the DLPFC
and other cortical targets.
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