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Neuromodulation of conditioned placebo/nocebo in
heat pain: anodal vs cathodal transcranial direct
current stimulation to the right dorsolateral
prefrontal cortex
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Abstract
Placebo and nocebo play an important role in clinical practice and medical research. Modulating placebo/nocebo responses using
noninvasive brain stimulation methods, such as transcranial direct current stimulation (tDCS), has the potential to harness these
effects to therapeutic benefit in a clinical setting. In this study, we assessed the effect of anodal and cathodal tDCS over the right
dorsolateral prefrontal cortex (rDLPFC) on conditioned placebo/nocebo cue response to heat pain. Twomatched groups of healthy
volunteers were subjected to an identical session of conditioning, during which low and high cues (abstract images) were associated
with low and high pain levels, respectively. Twenty-minute 2-mA tDCS (either anodal or cathodal) over the rDLPFCwas applied. The
influence of tDCS current polarity (anodal vs cathodal) on placebo and nocebo was assessed, using subjects’ pain ratings in
response to identical pain preceded by the conditioned high or low cues. The duration of cue presentation varied to allow either fully
conscious or subliminal processing. Significant placebo and nocebo effects in the anodal but not the cathodal group were elicited
with the conditioning paradigm. This study provides evidence of a possibility tomodulate the conditioned placebo and nocebo effect
by changing the excitability of the rDLPFC using tDCS.
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1. Introduction

Placebo and nocebo effects are salubrious benefits or negative
outcomes attributable to the nonspecific components of health
care and have profound implications for basic and clinical
research and for medical practice.3,17,18,41,42 It is well accepted
that placebo/nocebo effects are related to cognition and are, to
some extent, learning phenomena, involving expectation, condi-
tioning, and cognitive anticipation.1,2,11–14,32,39,44,51,53,55,57 Con-
ditioned placebo and nocebo have been directly related to
associative learning11 subserved by the prefrontal cortex during
cue learning, cue anticipation, pain perception, and subjective
pain reports.1,32,37

Substantial evidence18,46 suggests that the cognitive modula-
tion of pain observed during placebo/nocebo effects may initiate
from (or at least be crucially influenced by) the dorsolateral

prefrontal cortex (DLPFC), a cognitive–executive control brain
region.38 Current models suggest that the DLPFC can influence
the pain descending modulation system30,58 to diminish pain, as

well as activate the fear-anxiety network5,29,54 to intensify pain,

thus producing placebo analgesia and nocebo hyperalgesia,

respectively.53 Several studies specifically point to the role of the

right dorsolateral prefrontal cortex (rDLPFC) in both placebo and

nocebo effects.6,35–37

The causal role of the DLPFC in mediating the placebo effect
has been demonstrated using noninvasive neuromodulation

techniques, specifically transcranial magnetic stimulation (TMS).

Disrupting DLPFC function with inhibitory 1-Hz repetitive TMS

(rTMS) has been shown to block placebo analgesia.33 This study

is important from a mechanistic perspective because it provides

evidence for the possibility to manipulate (in this case reduce) the

placebo effect with noninvasive brain stimulation. Although

reducing the placebo effect may be beneficial in the context of

clinical trials, in medical practice, placebo effects are often

desirable and their interaction with treatment produces better

results compared with treatment only.26 At the same time,

nocebo effects are mostly harmful and related to anxiety.3,21,47

Therefore, the possibility of modulating the nocebo effect is also

important to explore. Furthermore, transcranial direct current

stimulation (tDCS) offers a number of advantages compared with

TMS: it has an even better safety and tolerability profile, it is

portable, cost-effective, and therefore holds great potential from

a public health perspective.40 Improvements in many aspects of

learning have been demonstrated using tDCS.9,10,19,22,43,45

Neuroimaging studies have shown that tDCS to the rDLPFC
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can significantly change the activity and functional connectivity of
the DLPFC,27,50 thus making it appealing to use for manipulation
of cognitive placebo/nocebo effects.49

In this study, we investigated the possibility of modulating
placebo and nocebo effects by changing the excitability of the
rDLPFC using tDCS in a conditioning learning paradigm involving
healthy volunteers. We hypothesized that anodal tDCS to F4
would significantly enhance and cathodal tDCS over F4 would
significantly inhibit the excitability of the rDLPFC, which would
result in larger placebo and nocebo effects after anodal
compared with cathodal stimulation, as decreasing rDLPFC
excitability with TMS has been implicated in placebo inhibition.33

We focused on the effects of conditioning with consciously
perceived stimuli and also explored subliminal effects, which have
been previously reported with this experimental paradigm24,25 in
a secondary analysis.

2. Materials and methods

2.1. Subjects

Thirty-four healthy participants naive to tDCS and our condition-
ing paradigm with no psychiatric or neurological conditions and
not taking any psychotropic medication were enrolled. Four
subjects did not complete all the experimental sessions and were
excluded from the study. The final sample consisted of 30
participants randomized into 2 tDCS groups (anodal and
cathodal rDLPFC excitation), 15 subjects per group. The groups
were matched on gender (anodal: female 5 9, male 5 6;
cathodal: female 5 9, male 5 6) and age (anodal: 24.1 6 4.9
[mean 6 SD]; cathodal: 23.7 6 2.7, P 5 0.78, 2-tailed).

The Institutional Review Board at Massachusetts General
Hospital approved all study procedures. Methods were per-
formed in accordance with the approved guidelines. All enrolled
subjects provided written informed consent before beginning any
study procedures, were debriefed at the end of the study, and
agreed to allow their data to be used after learning about the
purpose of the study.

2.2. Stimuli and equipment

2.2.1. Visual stimuli

A set of 3 fractal images was used as cues. Two of the 3 cues
were first used during the conditioning phase: the “high” cue was
associated with a high pain level and the “low” cue was coupled
with a low pain level. During the test phase, both high and low
cues appeared with moderate pain stimuli, together with the third
“neutral” cue that had not been shown during conditioning and
first appeared during the test phase (also with a moderate level of
pain). The specific assignment of fractal stimuli to a given trial type
was fully counterbalanced across participants. All stimuli were
presented using the Presentation software (Version 16.3, www.
neurobs.com).

2.2.2. Heat pain administration

Noxious heat stimuli were delivered using a PATHWAY system
(Medoc Advanced Medical Systems, Ramat Yishai, Israel). All
stimuli were initiated from a baseline temperature of 32˚C and
increased to a target temperature. Each stimulus was presented
for 11 seconds, including 2.5 seconds to ramp up to the target
temperature, 4 seconds maintaining the same temperature, and
2.5 seconds to ramp down to the baseline again. Heat stimuli
were applied to the right volar forearm, the position of the probe

was changed for every session. Mean moderate temperature
(used during the test phase) for cathodal and anodal groups did
not differ significantly between groups (anodal: mean 6 SD 5
46.6 6 1.0; cathodal: mean 6 SD 5 45.8 6 1.1, 2-sample 2-
tailed t test, P 5 0.07), although on average, slightly lower
temperature was used for the subjects in the cathodal group.
These temperatures were calibrated individually based on
subjects’ ratings as described below.

To determine the individually calibrated pain stimuli, we used an
ascending heat pain sequence, starting at 38˚C and slowly
increasing by 1˚C up to 50˚C (or the subject’smaximum tolerance).
Temperatures that elicited subjective intensity ratings of low 5 5,
moderate5 10, and high5 15 on a scale of 0 to 20 were selected
for each subject. Once the low,moderate, andhigh heat pain levels
for each subject were determined, subjects were tested for rating
response consistency. A random sequence of 3 low- and 3 high-
intensity noxious stimuli was administered. If the participants could
reliably rate the high stimuli as more intense than the low stimuli,
they proceeded to the conditioning phase of the experiment.

2.2.3. Transcranial direct current stimulation administration

For both groups, bipolar tDCS was administered using 2 saline-
soaked surface sponge electrodes (area: 5 3 5 cm each), using
a NeuroConn tDCS-PLUS stimulator (NeuroConn Inc, Ilmenau,
Germany). We used the 10-20 International EEG System to
identify the targets of stimulation and to position the electrodes.
For cathodal stimulation of the rDLPFC, the cathode was placed
over the F4 position and the anode above the left orbit. For the
anodal stimulation of the rDLPFC, the same configuration was
used with opposite polarity (the anode was placed over F4 and
the cathode above the left orbit). For both groups, 2-mA tDCS
was administered for 20minutes. Stimulation started and finished
with a 15-second gradual current ramp up and ramp down to
minimize local tingling and subjects’ discomfort. Subjects were
stimulated during rest and were asked to remain seated and
awake (with their eyes open). Subjects in either group did not
report any discomfort or changed mood.

2.3. Experimental procedures

The experiment consisted of 4 phases: conditioning, tDCS, test,
and cue recognition task (Fig. 1). Before undergoing the
conditioning phase, all subjects were informed that they would
see images on the computer screen and that they would
experience periodic heat pain stimulation on their arm. Subjects
were told, “there will be a link between the cue that you see and
the pain stimulus that you feel shortly thereafter.”

During the conditioning phase, subjects saw 2 images,
consistently associated with a high or low pain level. Each cue
was presented for 200 milliseconds and appeared 22 times in
a randomized order (Fig. 1). After each pain stimulus, subjects
rated the pain they felt on a 0-20 scale.20 After the conditioning
phase, subjects in group 1 received 20 minutes of anodal tDCS
and subjects in group 2 received 20 minutes of cathodal tDCS.
There was no task during the stimulation. Immediately after the
tDCS session, subjects underwent the test phase, during which 3
visual cues (the cue previously associated with low pain [low], the
cue previously associated with high pain [high], and a new
[neutral] cue) were presented, followed by identical moderate
pain (Fig. 1 and Stimuli and equipment section for details). During
the test, half of the stimuli were presented supraliminally
(200 milliseconds) and half were presented subliminally
(33-millisecond image followed by a mask for 167 milliseconds).
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After the test, subjects underwent a cue recognition test, during
which they were presented with masked and unmasked familiar
and unfamiliar (new) images to determine whether they could see
and recognize masked stimuli. A similar conditioning paradigm
(not involving tDCS) has been previously used.24

2.4. Statistical analysis

In accordance with our main hypothesis, we started by
investigating only the effects of consciously presented stimuli.
First, we compared subjects’ low and high pain ratings during the
conditioning phase by applying 2-sample t tests (2-tailed) to
determine whether there was any difference between the groups
before the tDCS manipulation.

Then, we checked whether applying anodal or cathodal tDCS
(irrespective of the conditioning manipulation) produced an
analgesic effect compared with each other, as tDCS has been
shown to have a direct analgesic effect, although other brain
regions were usually targeted.28 We compared subjects’ ratings
to moderate heat pain in response to neutral cues (not presented
during the conditioning phase) by performing a 2-sample t test
(2-tailed) for the 2 tDCS groups.

We proceeded to investigate the effect of anodal or cathodal
tDCS on subjective pain ratings in response to moderate heat
pain preceded by conditioned low and high cues. We applied
amixedmodel regression analysis with tDCS (anodal vs cathodal)
and cue (low, neutral, or high) as fixed effects, using R software48

packages lme44 and lmerTest.34 A linear relationship was
assumed for the factor cue, with the “neutral” condition at the
midpoint between “low” and “high”, based on a previous study.25

In addition, we also performed a repeated-measures analysis of
variance (ANOVA) with tDCS as a between-subject effect and cue
as a within-subject effect to further confirm the results.

Planned pairwise comparisons—high vs neutral and low vs
neutral cues within each tDCS group—were performed (2-tailed
paired t tests adjusted for multiple comparisons at P5 0.05 false
discovery rate [FDR]-corrected level) to determine whether there
was a significant placebo/nocebo response in each of
the groups.

In addition, we also compared the size of the difference
between high and neutral (nocebo) cues and low and neutral
(placebo) cues between the tDCS groups (2-sample t test,
1-tailed), expecting anodal placebo and nocebo to be greater
than cathodal placebo and nocebo. Finally, we explored
conditioning and tDCS effects of subliminally presented cues by
applying the same tests to the ratings of moderate pain after
subliminally presented conditioned cues.

3. Results

3.1. Pain ratings during conditioning

During the conditioning phase (before application of tDCS), no
significant difference was observed between the 2 groups in
ratings of either high pain (anodal: 13.5 6 2.9; cathodal: 12.6 6
2.6, P5 0.40) or low pain (anodal: 5.26 3.3; cathodal: 4.96 3.6,
P 5 0.82).

3.2. Pain ratings during conscious cue test

A comparison of the effect of tDCS on the ratings of moderate
pain after neutral cues revealed no difference between the groups
(anodal: 8.0 6 3.4; cathodal: 6.0 6 4.1, P 5 0.16), suggesting
that changing tDCS polarity (anodal vs cathodal) did not affect
general perception of the pain level in this study (Fig. 2A), and
reflected statistically insignificant but quantitatively slightly differ-
ent moderate temperatures used during the test.

We then applied a mixed regression analysis with 2 fixed
effects (tDCS and cue). The results showed a significant in-
teraction between the 2 factors (b5 0.707 t(58)5 2.67,P, 0.01),
suggesting that changing the excitability of the rDLPFC modu-
lates conscious conditioning effects (Fig. 2B). This result was also
observed in the repeated-measures ANOVA analysis, also
showing a significant interaction of tDCS and cue (F(2,56) 5
3.529, P 5 0.048 [Huynh–Feldt corrected for the violation of the
sphericity assumption]). The analysis of the conditioning effects
within each of the groups showed that, in the anodal group, pain
ratings (low cue: 7 6 3.6, high cue: 9.5 6 3.7) were significantly

Figure 1. Experimental procedure. Conditioning phase, transcranial direct current stimulation application, test phase, cue recognition test.
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different between the low vs neutral cues (punc 5 0.016, pFDR 5
0.032), and high vs neutral cues (punc 5 0.009, pFDR 5 0.032),
confirming significant conditioned placebo and nocebo effects.
In the cathodal group (low cue: 5.66 4.3, high cue: 6.56 4.1),
neither placebo (punc 5 0.09, pFDR 5 0.16) nor nocebo (punc 5
0.16, pFDR 5 0.16) effects were significant (Fig. 2A); however,
the trend was in the same direction as following the anodal
stimulation.

The difference between the tDCSgroupswas significant for the
conscious nocebo t(1,28)5 2.41, P5 0.022, as well as conscious
placebo t(1,28) 5 2.05, P 5 0.049; the difference in the nocebo
effect thus seems to be more robust, compared with the placebo
effect.

3.3. Pain ratings during subliminal cue test

The analysis of the effect of tDCS on pain ratings after subliminal
cues (anodal low: 7.8 6 3.3, neutral: 7.9 6 3.4, high: 8.3 6 3.3;
cathodal low: 6.1 6 4.4, neutral: 6.3 6 4.5, high: 6.3 6 4)
performed using a mixed regression analysis with fixed effects
tDCS and cue did not reveal any significant main effects or
interactions, P 5 0.55 (Fig. 2B).

3.4. Cue recognition test

Accuracy of recognizing the cue presented consciously was high
(79.2 6 13.4% correct), whereas for the subliminal presentation,
it was at chance levels (55.8 6 13.8% correct). No significant
differences between the anodal and cathodal tDCS groups in
subliminal (P 5 0.28) or supraliminal (P 5 0.22) cue recognition
were observed.

4. Discussion

In this study, we manipulated the excitability of the rDLPFC with
tDCS and demonstrated that both placebo and nocebo effects
can be elicited with a cue conditioning paradigm after anodal but
not cathodal stimulation. The comparison of the regression
slopes showed that the conditioning cue effect in the anodal
group was larger than that in the cathodal group. In fact, neither
a significant placebo effect nor a significant nocebo effect in the
cathodal group was observed. These results support previous

reports that the rDLPFC is causally involved in producing the
placebo effect33 and shed new light on the principal role of the
rDLPFC in the nocebo effect as well. These findings demonstrate
a great potential for clinical application of tDCS in combination
with conditioning learning paradigms for pain treatment, allowing
the possibility to reduce both placebo and nocebo effects.

4.1. Transcranial direct current stimulation modulation of
pain and placebo/nocebo responses

The use of tDCS to treat pain has been extensively studied in the
past decade.28 A number of studies with various tDCSmontages,
eg, anodal and cathodal motor cortex (M1) or anodal left DLPFC
stimulation, were used to test the effects of tDCS on sensory–
discriminative pain processing. These studies attempted to
reduce pain sensation by stimulating the brain with anodal tDCS
during pain administration. They found that anodal tDCS to M1
decreased pain perception.15,52 Most of these studies targeted
M1, but in the study by Boggio et al.,7 they additionally stimulated
the left DLPFC with anodal tDCS and reported a similar pain
decrease. These results, however, were not fully supported by
a more recent study,23 showing nonsignificant pain reduction in
the post-minus pre-M1 stimulation in the anodal tDCSgroup and
no differences in pain ratings between the tDCS groups, albeit
with a lower intensity (1 mA) and duration (15 minutes) than used
in other clinical studies.15,52 Despite the lack of an analgesic
effect, the authors demonstrated differences in BOLD signal
within pain-processing regions between the anodal and the
cathodal groups.

Recently, several suggestions were put forward to use tDCS
not to change pain sensation but rather to focus on the placebo/
nocebo effects. In the context of tDCS clinical trials, it has been
suggested that tDCS could be used to modulate the neurobio-
logical mechanisms of the placebo effect not only as it relates to
pain but also to other conditions such as major depressive
disorder.49 So far, only an rTMS study has successfully
manipulated placebo analgesia,33 but to our knowledge, no
tDCS studies have investigated direct modulation of the cognitive
aspects of pain and placebo/nocebo responses. In this study, we
applied tDCS for 20 minutes after the conditioning phase, during
the consolidation period, but before pain administration in the test
phase. In other words, we did not manipulate pain sensation but

Figure 2.Main results. (A) Subjective pain ratings by perception level (conscious/subliminal) by the transcranial direct current stimulation (tDCS) group (anodal vs
cathodal). Mean and SEM values are reported. (B) Mixed linear regression analysis: mean values and slopes for pain ratings by the tDCS group by the perception
level.
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rather the learned association between an a priori neutral cue and
pain intensity and tested the effect of tDCS extending beyond the
period of stimulation. Similar to the study of Ihle et al.,23 we
compared anodal and cathodal stimulation directly and found
a significant difference in pain ratings in response to different
cues. The conditioning effects (placebo, ie, low vs neutral cue,
and nocebo, ie, high vs neutral cue) were present in the anodal
group but were not elicited in the cathodal stimulation group. No
difference in pain perception between anodal and cathodal tDCS
to the rDLPFC was observed, suggesting stimulating this brain
area with the parameters we used does not have a direct
analgesic/hyperalgesic effect but rather affects the cognitive–
affective network.

Although this study cannot unequivocally determine the
direction of the change (enhancement of the effects in the anodal
condition and/or reduction in the cathodal condition), based on
previous behavioral reports of conditioned placebo/nocebo
induced with similar experimental procedures,25 we speculate
that the absence of significant placebo and nocebo effects in the
cathodal condition might indicate that cathodal tDCS reduced
the effects of conditioning. This is further supported by previous
studies, in which inhibitory TMS blocked placebo analgesia.33

Further studies are needed to determine whether anodal
stimulation enhances the effects and how long the effect lasts.

4.2. Role of the right dorsolateral prefrontal cortex in placebo
and nocebo processing

Previous studies suggested that the DLPFC, involving down-
stream circuits to the anterior insula, ACC, hypothalamus, and
PAG, is involved in placebo analgesia.2,16,56 Specifically, the
rDLPFC has been related to conditioning learning, analgesia
anticipation, pain perception, and cognitive evaluation, ie, pain
rating.31,37 A structural–anatomical report suggested that the
rDLPFC is related to the anterior insula, whereas the left DLPFC is
associated with the mid-brain and medial thalamic activity.36

Despite the wealth of the neuroimaging literature on the neural
correlates of placebo, it is still not clear whether stimulating the
right or left DLPFCwith TMS and tDCS would produce a stronger
analgesic/hyperalgesic effect or whether the effects on placebo
and nocebo would differ, depending on the stimulated site. One
study showed that stimulating the left but not the rDLPFC with
high-frequency rTMS produces a placebo response decreasing
the effect of the capsaicin cream.8 Another study suggested no
difference between the right and left DLPFCs on inhibiting
placebo with low-frequency rTMS.33 In our previous study, we
reported that although the bilateral DLPFC is engaged in the
conditioning placebo effect evoked by visual cues, the right
frontoparietal network (including the rDLPFC) may be more
involved in producing conditioning effects.31 Our current results
confirm the important role of the rDLPFC for both placebo and
nocebo responses.

4.3. Conscious and subliminal placebo/nocebo effects

Previous studies raised the possibility that a placebo/nocebo
conditioned response could be induced with subliminal
cues.24,25 Here, we did not observe any effect with subliminal
presentation, nor did we see any interaction of tDCS with the
perception (conscious/subliminal) level. The absence of the
subliminal conditioned effect in either of the tDCS groups was
unexpected and requires further investigation. Two possible
explanations that could be tested in the future are whether
manipulating the rDLPFC with tDCS might have blocked the

subliminal conditioning effect and whether the delay between the
conditioning and the test phase, which was longer (;30 minutes
during the tDCS setup and application) compared with the
previous studies reporting the subconsious conditioning
effects,24,25 caused the subliminal effect to disappear.

In conclusion, placebo and nocebo effects are a critical
component of clinical care and efficacy studies. We demon-
strated the feasibility of modulating both conditioned placebo and
nocebo responses with tDCS, a safe and low-cost neural
modulation method. The current data seem to suggest that
cathodal tDCS to the rDLPFC suppresses placebo and nocebo
effects, compared with the anodal stimulation. The possibility of
reducing placebo and nocebo effects using tDCS could have
a significant impact on medical practice. In particular, in
randomized clinical trials, where decreasing placebo and nocebo
effects can significantly enhance the effect size of the trials and
reduce the total sample size required to test the specific effect of
treatment, cathodal tDCS could be used to minimize the
contribution of nonspecific placebo and nocebo.
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