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Abstract
Placebo treatment may affect multiple components of pain, including inhibition of nociceptive
input, automatic or deliberative appraisal of pain, or cognitive judgments involved in pain
reporting. If placebo analgesia is due in part to an attenuation of early nociceptive processing, then
pain-evoked event-related potentials (ERPs) should be reduced with placebo. In this study, we
tested for placebo effects in P2 laser-evoked potentials at midline scalp electrodes. We found that
placebo treatment produced significant decreases in P2 amplitude, and that P2 placebo responses
were large enough to reflect a meaningful difference in nociceptive processing. However, we also
found evidence that the very robust placebo-induced decreases in reported pain are not solely
explained by early reductions in P2. N2 amplitude was affected by neither placebo nor reduction
of laser intensity. These results suggest that placebo treatment affects early nociceptive
processing, but that another component of placebo effects in reported pain occurs later, either in
evaluation of pain or cognitive judgments about pain reports.
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1. Introduction
A major theme in contemporary neuroscientific research is that subjective experience is not
a direct reflection of events in the world, but rather is constructed within the brain.
According to this view, sensory signals are only one component of an experience, whether
that experience is the perception of an object or the feeling of pain (Bruner et al., 1951).
These “bottom-up” signals are integrated with “top-down” information about the context of
the experience (Miller and Cohen, 2001), including memories of relevant past experiences,
expectations for the future, and the significance of the experience for the self. Recent
research suggests that placebo effects emerge from such interactions, as cognitive
expectations interact with ongoing processes in the brain and body. Placebo effects and
other context effects are particularly powerful in pain, a multifaceted experience that is
closely tied to physical and mental well-being (Koyama et al., 2005; Lorenz et al., 2005;
Melzack and Casey, 1968; Price, 2000; Sawamoto et al., 2000; Wager et al., 2004).

A question with major implications for understanding the neurobiology of expectation and
brain–body interactions is the question of how deep into the body placebo effects reach.
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Though a number of studies have reported reliable placebo effects in reported pain (e.g.,
Benedetti et al., 1999; De Pascalis et al., 2002; Pollo et al., 2001; Price and Barrell, 2000;
Vase et al., 2002), reports are based on cognitively constructed representations of
experience. Judgment of pain is an active neurobiological process that appears to engage
affective and decision circuits in the brain (Moulton et al., 2005). Like other forms of
judgment (e.g., Ericsson and Simon, 1980; Manis et al., 1991), pain reports may be highly
susceptible to expectancy-induced biases in a variety of settings (Kirsch, 1985; Moerman,
2000).

Two primary issues that bear on the physiological ‘depth’ of placebo effects are whether
placebo treatments have active psychobiological effects (Wager, 2005a,b), as opposed to
resulting from demand characteristics or statistical artifacts (Hrobjartsson and Gotzsche,
2001, 2004; Kienle and Kiene, 1997); and if placebo effects are active, whether they affect
biological processes related to physical health and mental well-being. A recent fMRI study
provided evidence that placebo treatment involves active recruitment of cortical regions
involved in the regulation of attention and pain (Wager et al., 2004), suggesting that the
placebo response is an active psychobiological process. The study also found that placebo
treatment suppressed pain-induced activity in the insula, thalamus, and anterior cingulate
cortex, suggesting that it alters ongoing processing of pain. Zubieta et al. (2005), using PET,
found evidence that placebo treatment both reduces pain and elicits increases in endogenous
opioid activity (cf. Benedetti et al., 1999).

However, these neuroimaging studies are limited in their ability to address a critical question
about the physiological ‘depth’ of placebo: whether placebo treatments can alter nociceptive
processing, rather than or in addition to pain affect, evaluation, and judgments about pain.
The fMRI study of Wager et al. found decreases in pain regions only late during pain, after
the stimulus had been turned off, though strong responders also showed evidence for greater
decreases in anterior cingulate activity during the first several seconds of painful
stimulation. Either effect could be related to the evaluation of pain, rather than to the
suppression of nociceptive processing, particularly since a key area showing decreases—the
insula—is also involved in cognitive judgments of pain (Moulton et al., 2005). The Zubieta
et al. study provides converging, but also indirect, evidence: opioid systems are involved in
pain, but also in affect, reward, and motivation, and so the evidence that placebo effects
inhibit nociceptive processing remains indirect.

In the present study, we recorded brain potentials evoked by painful laser stimuli to test for
placebo effects on early nociceptive responses. Laser-evoked potentials (LEPs) are a
reliable, objective marker of pain processing (Bromm and Treede, 1984), and they are
considered by many to be the best tool for probing the function of nociceptive pathways
(Cruccu et al., 2004). Laser stimuli selectively activate A-delta and C nociceptive fibers, and
so activate the nociceptive system without activating touch and vibration pathways (Bromm
and Treede, 1984). LEPs are influenced by arousal and attention (Kakigi et al., 2000), as is
pain-induced fMRI activity (Petrovic and Ingvar, 2002), consistent with the idea that pain
processing is sensitive to behavioral context. However, unlike measures of fMRI or PET
activity, which may reflect the process of making subjective cognitive judgments about pain,
LEPs arise from nociceptive processes that occur before most evaluation and decision
processes begin. Some studies have suggested that strategic response processes do not affect
stimulus processing until relatively late (at least 450 ms; Ratcliff and McKoon, 1981), and
that strategic control is unlikely to affect responses faster than 700 ms (Seymour et al.,
2000). Thus, the cognitive biases known to affect decisions about sensory experience and
other types of self-report are unlikely to affect LEPs.
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A demonstration that placebo treatment affects LEPs would provide converging evidence
that placebo treatment can affect early (pre-evaluative) nociceptive processing, with
implications for the relationship between cognitive expectations and the function of one of
the body’s most basic systems for avoiding harm. There are both theoretical and empirical
reasons to expect such effects. The theory is that cognitive expectations maintained in
prefrontal cortex may activate the PAG, which has the capability to inhibit pain signals at
the level of the spinal cord (e.g., Fields, 2004). The evidence comes from two recent studies,
in addition to the fMRI and opioid placebo studies discussed above. Matre et al. (2006)
induced secondary hyperalgesia by heating the skin to 46 °C for 5 min. Sensitization of the
skin area surrounding the stimulation site is thought to result from sensitization in the spinal
dorsal horn. Expectation of pain relief reduced the size of the secondary hyperalgesic area,
compared to a control session where pain relief was not expected, implicating a spinal
mechanism in the placebo effect. Converging electrophysiological evidence comes from a
study by Lorenz et al. (2005), who found that expectations about the intensity of a laser
stimulus produced systematic changes in laser-evoked magneto-encephalogram (MEG)
potentials. They delivered laser stimuli of high and low intensities, and crossed intensity
with a manipulation of whether the expected intensity was high or low. They found that
MEG potentials localized approximately to SII—a cortical area critical for nociceptive
processing—were reduced in the low-expectation condition and increased in the high-
expectation condition.

There are several components of LEPs that may be affected by placebo expectancies, with
different implications for the cognitive control of nociception. The major components of
LEPs are a lateralized mid-latency negativity (N160) likely to be localized in the parietal
operculum (SII) and the late N2/P2 complex (200–300 ms; Lorenz and Garcia-Larrea,
2003). The N2/P2 complex arises from the activation of Aδ fibers and is sometimes
followed by an ultralate component (400–600 ms) thought to arise from C-fiber activation
(Bromm and Treede, 1984; Bromm et al., 1984). The P2 increases as a function of both laser
intensity and reported pain (Iannetti et al., 2004). It is likely to be separable from the P3, but
it may overlap with the P3a and reflect cognitive appraisal or attention to pain (Lorenz and
Garcia-Larrea, 2003). This is consistent with a view of P2 LEPs as markers of early brain
processing of pain, which may involve attention and appraisal of behavioral context as
integral components (Garcia-Larrea et al., 1997, 2003; Legrain et al., 2005).

A likely source of the P2 is the anterior cingulate gyrus (Garcia-Larrea et al., 2003; Lenz et
al., 1998), which plays a central role in both attention and pain, and also appears to be
modulated by placebo in studies of pain and emotion (Petrovic et al., 2002, 2005; Wager et
al., 2004; Zubieta et al., 2005). Though the cingulate may show both increases and decreases
in different subregions during different phases of pain anticipation and regulation (Porro et
al., 2003), the analyses in this study are sensitive to changes occurring within several
hundred milliseconds of laser stimulus onset. Slower changes in anterior cingulate activity
(i.e., sustained changes beginning in anticipation) will neither influence nor be detected by
the measures employed here. The N160 is also of interest because it is a marker for early
nociceptive processing, but the midline electrode configuration used in this study was not
suitable for examining that component.

One account of placebo effects is that they induce an affective/motivational state that
permits reduced attention to pain. The motivational state that regulates the allocation of
attention appears to be only partly under voluntary control (e.g., it is very difficult to
willfully ignore a rattlesnake next to one’s foot), and the effects of placebo serve as a safety
signal and permit attention to be directed away from pain. Placebo effects on the mid-frontal
P2 would be consistent with this view. Notably, behavioral context (i.e., factors that affect
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motivated attention) also affects sensory pathways in the dorsal spinal horn (Duncan et al.,
1987), which suggests that attentional set can have far-reaching physiological effects.

Understanding the psychobiological mechanisms of placebo will likely be an enduring
research question. The immediate goal of assessing whether placebo treatment affects early
nociceptive processing is a preliminary step towards this understanding. Thus, in this study,
we sought to test three specific hypotheses: (a) that placebo treatment would reduce P2 LEP
amplitude; (b) that placebo reductions in LEP would correlate with reductions in reported
pain; and (c) that the placebo P2 reduction would be comparable in magnitude to an
equivalent reduction in the intensity of the laser.

2. Methods
2.1. Subjects

Thirty-nine subjects participated in the study (age: 23.2 ± 5.0 years old; four females). Ten
additional subjects participated in a preliminary experiment to measure the relationship
between evoked potentials, laser intensity, and reported pain. Of the 39 subjects, four were
excluded because LEPs could not be identified reliably, and 11 were additionally excluded
because they did not report that the laser stimulus was sufficiently painful (more detail is
provided in Section 3). All subjects were free of medication and gave informed consent
before testing. The experimental protocol was conducted in accordance with the Declaration
of Helsinki and was approved by the Internal Review Boards of the Veterans Affairs
Medical Center and the University of Michigan, Ann Arbor, MI, USA.

2.2. Laser stimulation
Laser stimulation was delivered by a Thulium YAG infrared laser (Neurolaser, BAASEL
Lasertech, Starnberg Germany), activating heat-sensitive A-delta and C nociceptors. Spot
diameter was 5 mm and pulse duration 1 ms. The output energy was kept below 700 mJ to
avoid skin damage. The subject and the experimenter wore protective eye goggles.

2.3. Preliminary experiment
N2 and P2 LEP amplitudes were the primary physiological measures collected. Although N2
and P2 amplitudes are sensitive to changes in laser intensity and perceived pain intensity
(Kakigi et al., 2000), we conducted a preliminary experiment (n = 10) to assess the
relationship of these parameters to N2 and P2 amplitudes specifically. By varying the
intensity of the laser stimulus within subjects, we hoped to determine roughly what sort of
intensity decrease corresponds to a decrease in reported pain of the magnitude observed in
placebo studies.

2.4. Experimental protocol
Participants were told that they were taking part in a study that compared brain responses to
an analgesic cream (Lidocaine) with a control cream (ineffective). In reality both creams
were ineffective (Vaseline skin cream).

The subjects were first tested for warmth-insensitive fields (WIFs) by touching different
spots on the volar forearm for 3 s with a thermode heated to 41 °C (Green and Cruz, 1998).
Any WIFs were marked on the skin. Six 16-by-16 mm patches were then marked on the skin
of the volar forearm, avoiding WIFs (Fig. 1). ‘Analgesic’ (placebo) cream was applied to
patches 1 and 2 and control cream to patches 5 and 6 (Fig. 1; location counterbalanced
across subjects). Control cream was also applied to patches 3 and 4, which served as a
calibration area. In the first section of the experiment, contact-heat stimulations were applied
to the treated areas. These data were not analyzed in the present study.
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Subjects were then prepared for the evoked-potentials section, which involved three phases
(Calibration, Manipulation, and Test), as shown in Fig. 1. In the calibration phase, 10–20
laser stimuli of various intensities (300–700 mJ) were delivered to patch 3 and 4 in Fig. 1 to
identify stimulus intensities corresponding to low- (level 1), medium- (level 2), and high-
intensity (level 3 or above) pain. Many participants reported low or medium pain at the
maximum intensity of 700 mJ, in which case this value was used in subsequent testing.

A manipulation phase followed to enhance participants’ expectations of pain relief and
thereby increase placebo responding. In this phase, pain was surreptitiously reduced in the
placebo condition (Price et al., 1999). Five stimuli were applied to the placebo-treated
(‘analgesic’ cream) patches of skin, and subsequently five stimuli were applied to the
control-treated patches (order counterbalanced across participants). Participants were told
that all stimuli were at level ‘high.’ However, they were administered at level ‘low’ in the
placebo-treated patch and at level ‘high’ in the control-treated patch.

Finally, during the critical test phase, two runs of stimuli were administered to placebo- and
control-treated patches of skin (80 stimulations in total: 2 patches × 2 runs × 20 stimuli).
Locations of placebo and control patches and testing order were counterbalanced across
subjects. A short warning beep (1 kHz tone) alerted the subject at pseudorandom intervals
6200–7900 ms before each laser stimulus. As before, participants were told these were at
level ‘high,’ but all were delivered at level ‘medium,’ in keeping with the paradigm used in
Price et al. (1999). Because the stimuli on placebo and control patches were identical, any
differences in reported pain and evoked potential amplitude (control–placebo) during this
phase are attributable to placebo effects.

2.5. Psychophysics
After a 1.5 s inter-stimulus interval following each laser stimulation, a beep prompted the
subject to rate the perceived intensity. The subjective rating was done verbally on a 13-point
numerical ratings scale ranging from −2 to 10, with anchor points described by the following
verbal instructions: −2 was ‘not perceived,’ −1 was ‘non-painful warmth,’ 0 was ‘non-
painful pinprick,’ 1 was a painful pinprick, and 10 was ‘worst pain imaginable.’ The verbal
ratings were recorded by the experimenter.

2.6. Evoked potential acquisition
Electroencephalographic (EEG) registrations were made from four midline electrodes (FCz,
Cz, CPz, and Pz) according to the international 10–20 system, using a standard EEG cap and
Neuroscan software (Scan 4.2, Compumedics, El Paso, Texas). The recordings were
referenced to linked bilateral earlobes (A1 + A2). Electrooculogram (EOG) was recorded
from supra- and infraorbital electrodes for offline artifact rejection. The impedance was
maintained below 5 kΩ. The signals were amplified 100,000 times (Synamp,
Compumedics), sampled at 500 Hz, and bandpass filtered at 0.1–50 Hz. Room temperature
was 22–23 °C and skin temperature was always above 30 °C. The subjects were instructed
to keep their eyes open, to focus on a fixed point on the wall and to avoid blinking,
particularly in the interval between the warning and rating beeps.

2.7. Data analysis
Individual pain intensity ratings were averaged for each run of 20 stimuli. Individual
behavioral effect scores were then calculated for each run by subtracting placebo ratings
from control ratings (C–P). Furthermore, an overall pain score was calculated for each
subject as the average across all 80 laser stimuli to determine each participant’s pain
sensitivity. Because the effect scores and average pain scores were positively skewed,
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nonparametric analyses were conducted on ranks of placebo effect scores and ranks of
average pain scores.

EEG data were preprocessed using Neuroscan’s built-in functions. First, ocular artifact
rejection was done on the continuous recording. Manually counting the number of eye
blinks or saccades in ten randomly selected runs (each lasting −5 min) showed a variation
between 16 and 65 ocular artifacts. Blinking was most pronounced in the intervals between
stimuli, as we instructed subjects to avoid blinking between the warning and rating beeps.
To avoid sampling bias resulting from the manual rejection of some sweeps (e.g., those with
the highest subjective pain, which may also lead to increases in ocular activity), we
employed a computational correction method that corrects for artifacts rather than deleting
sweeps.

The Neuroscan EOG correction procedure involved the following steps. First, the EOG
channel was scanned for the maximum eye movement potential. EOG deviations of more
than 10% from the maximum were used as indicators of blinks, and these were used to
estimate an average blink artifact response for each channel. The procedure discarded
artifacts starting <400 ms before a previous artifact, to avoid double detection. If less than
20 blinks were detected, no correction was made. Otherwise, EEG data were corrected using
a regression approach. From the average EOG ocular artifact, transmission coefficients (b)
were computed for each EEG channel by estimating the covariance of the averaged
potentials of the EOG channel with the EEG channels according to this equation: b =
cov(EOG,EEG)/var(EOG). A fraction of the average EOG artifact (b Æ EOG) was
subtracted from each EEG channel on a sweep-by-sweep, point-by-point basis. After ocular
artifact correction, the continuous EEG signal was split into epochs (−500 to 2000 ms
relative to stimulus onset). Finally, each epoch was baseline corrected by subtracting 100-ms
pre-stimulus EEG from each point in the epoch. This procedure prevents slow changes that
may begin during anticipation of pain from influencing P2 amplitude estimates.

To extract peak LEPs, the 20 sweeps in each run were averaged and the latency and
amplitude of the first major negative (N2) and positive (P2) component was extracted for
each subject and each electrode using a peak-detection function. The search interval was
limited a priori to 150–350 ms (N2) and 250–500 ms (P2) relative to stimulus onset. For
each run, each detected peak was confirmed by visual inspection before the estimates were
accepted. In six subjects, no peaks were identified by the automatic procedure. In two of
these subjects the N2/P2 complex was identified by visual inspection of the averaged
sweeps. In the remaining four subjects, no valid N2/P2 complex could be identified in the
search interval, although an ultralate positivity was identified with peak amplitude between
600 and 1000 ms. Data from these four subjects are not included in the remaining analysis,
leaving 35 subjects. The visual inspection resulted in minor corrections to the automatic
procedure in 4 of the remaining 140 runs (35 subjects × 4 runs each). These were typically
cases where the EEG signal was distorted by relatively large α-band (−10 Hz) components.

2.8. Statistics
Statistical analysis was done in the General Linear Model (GLM) framework using SPSS
(SPSS, Chicago, Illinois). Placebo effects in reported pain (RP) were analyzed separately for
Run 1 and Run 2 with a 1 within (Placebo, C vs. P), 1 between (Order, C first or P first)
GLM. Due to habituation of pain reports and LEPs, we expected the strongest placebo
effects in Run 1. Follow-up analysis included Run as a factor in a 2 × 2 within, 1 between
ANOVA.

LEP amplitudes were analyzed in two ways. First, we analyzed amplitudes in a 4 × 2 within,
2 between GLM for each run. Within-subjects factors were Electrode (FCz, Cz, CPz, and

Wager et al. Page 6

Brain Behav Immun. Author manuscript; available in PMC 2013 August 06.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Pz) and Placebo (C vs. P). Between-subjects factors were Order (C first or P first) and
ranked Reported Placebo.1 Runs were analyzed separately because reported pain and P2
amplitudes both showed strong habituation effects, and we expected the test to be sensitive
to placebo effects only when subjects were experiencing pain (i.e., primarily in Run 1).
Supplementary analyses added Run as a within-subjects factor. Nonsphericity is not an issue
for the effects of Placebo and Order, and Huynh-Feldt correction for nonsphericity was used
for effects of Electrode (Keselman, 1998); thus, fractional degrees of freedom are reported
for these effects. MANOVA analyses (Keselman, 1998) revealed a qualitatively identical
pattern of results (data not shown).

In the second analysis we divided the sample into tertiles based on RP, and looked for
differences in P2 amplitudes between RP placebo Responders (those in the highest third, n =
8) and Nonresponders (the lowest third, n = 8). The GLM model for each run was the same
as in the previous analysis, that is a 4 × 2 within (Electrode and Placebo), 2-between (Order
and Responder Status) design.

We used one-tailed tests for one-sided hypotheses about which we had a priori expectations,
including that placebo would decrease P2 amplitude (main effect of Placebo, particularly in
Run 1) and that the placebo effect would be weaker in Run 2 (Placebo × Run interaction)
due to habituation in both pain and P2 amplitude. T-contrasts are presented for these
comparisons to test the one-sided alternative (the F statistic gives equivalent results, but for
a 2-sided alternative). Two-tailed tests were conducted on other effects. An α level of 0.05
was used throughout.

2.8.1. Test of intensity-reduction hypothesis of placebo—Another analysis was
performed only at electrode Cz, where P2 effects are maximal, to test whether P2 placebo
effects were significantly smaller than would be expected if placebo worked only by
reducing nociceptive input. We refer to this hypothesis as the “intensity-reduction”
hypothesis. We assessed this by testing whether placebo effects in P2 amplitude were
significantly smaller than P2 reductions in laser intensity that produce equivalent decreases
in reported pain. For this analysis, we began with the placebo effect in reported pain (n =
24), and used the estimated curves from the preliminary experiment (n = 10) to calculate the
reduction in both P2 and laser intensity required to produce an equivalent decrease in
reported pain. Performing these calculations for each of the 10 participants allowed us to
estimate the variance of predicted P2 reductions. We then calculated the standard error of
the difference between observed and expected P2 reductions, as given by the equation

where σ2 is the variance, n is the sample size, and O and E refer to the observed P2 effects
in the placebo experiment and the expected placebo effects in the intensity mapping
experiment, respectively. Degrees of freedom are given by the Sattherwaite approximation.
This allowed us to perform a t test of the difference between observed and expected P2
reductions, where the null hypothesis is a placebo effect produced only by intensity
reduction.

1Ranked reported placebo was computed by taking the ranks of data (1−n participants, where the lowest score is assigned rank 1, the
second lowest rank 2, and so on) and using those as a continuous predictor in the GLM. This is a typical procedure for making a test
nonparametric, because using ranks limits the influence of extreme cases on the regression outcome and avoids problems relating to
violations of the normality assumption.
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3. Results
3.1. Placebo effects in pain ratings

There was a strong effect of Placebo on pain intensity ratings. For Run 1, C–P = 0.64, t (38)
= 4.26, p = .0001, indicating that pain ratings were decreased with the placebo treatment.
For Run 2, effects were also significant, C–P = 0.65, t (38) = 4.75, p < .0001. Adding Run as
a factor, the effect of Run was significant, effect = 0.19, t (37) = 2.07, p = .04, indicating
that participants habituated to the laser stimulus. The effect of placebo remained significant,
C–P = 0.64, t (37) = 4.30, p < .0001. There was a trend towards a Placebo × Order
interaction, t (37) = 1.90, p = .066. Mean pain ratings for the P first group were 2.40 and
1.57 for C and P, respectively, and means for the C first group were 1.47 and 1.15. Placebo
effects were significant for both order groups: for P first, C–P = 0.82, t (19.0) = 4.00, p = .
0008, and for C first, C–P = 0.46, t (18.0) = 2.90, p = .009. No other interactions were
significant.

Examining bivariate correlations revealed that placebo scores (C–P) in reported pain were
positively correlated with overall pain (r = .41, p < .05), but not with other variables
(stepwise regression confirmed these results). After controlling for this variable, placebo
effects in reported pain remained significant, t (22) = 2.25, p = .035. The relationship
between placebo and reported pain appeared to be due to the fact that a number of
participants (n = 11) rated the laser stimuli as non-painful, i.e., an average score below 1,
where 1 was defined as a “painful pinprick” and 0 was a “non-painful pinprick.” These
participants still reported a placebo effect [C–P] = 0.33, t (10) = 2.29, p = .04 (the non-
parametric Wilcoxon sign-rank test was also significant, Z = −2.05, p = .04). However, the
placebo effect was much reduced compared with that of the remaining 24 participants, [C–
P] = 0.79, t (23) = 3.97, p = .001; Wilcoxon Z = −2.83, p = .005. Because we were interested
in placebo effects in pain, participants who did not find the stimulation painful were
excluded from further analyses.

3.2. Placebo effects in P2 amplitude
A planned test on Run 1 showed that Placebo was significant, t (21) = 2.37, p = .013 one-
tailed (equivalent ANOVA F(1, 21) = 5.63). The result, shown in Fig. 2, provides evidence
that P2 amplitude was reduced in the placebo condition (a 16.7% reduction on average at
Electrode Cz). However, placebo effects were negligible in Run 2. Across runs, Placebo
showed a trend towards significance, t (21) = 1.59 (F = 2.53), p = .063 one-tailed, an 8.8%
reduction at electrode Cz. The Placebo × Run interaction was significant, t (21) = 1.75 (F =
3.06), p = .047 (one-tailed), demonstrating that as expected, placebo effects were reduced in
Run 2. Placebo did not interact with Electrode, F(2.0, 42.0) = 0.13, p > .8.

A strong effect of Run, F(1, 21) = 16.37, p < .0001 indicated that P2 amplitudes decreased
substantially with repeated testing. A Placebo × Order interaction, F(1, 21) = 6.37, p = .02,
indicated that placebo effects were stronger in the C first group (3.72 µV for C first vs.
−1.16 µV for P first at Cz). A significant Electrode × Placebo × Order effect F(2.0, 42.0) =
3.91, p = .03 suggested that the order effects were strongest at the anterior sites.

Electrode did not interact with other effects, consistent with our expectations that the
midline electrodes recorded provided largely redundant information (max. F = 2.28, p > .
11). Other effects were not significant, including between-subjects effects of RP (all p’s > .
2). Controlling for Order, partial correlations between C–P P2 effects and RP ranged from r
= 0.01 to 0.18 across electrodes, and from r = −.16 to .02 for run 1 only (all p > .10).
Additional multiple regressions showed no effects of laser intensity or reported pain on
placebo responses, suggesting that these were not confounding or masking variables.2
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In a second GLM model, we considered only Responder and Nonresponder subgroups. A
planned test on Run 1 showed that Placebo was significant, t (13) = 2.53, p = .013 one-tailed
(equivalent two-tailed ANOVA F(1, 13) = 6.39, p = .025), indicating that P2 amplitudes
were reduced with placebo. Again, placebo effects were negligible in Run 2. Across runs,
Placebo was significant, t (13) = 2.11 (F = 4.48), p = .027 one-tailed. Placebo × Responder
Status, which would indicate a difference in P2 placebo effects between RP responder
groups, was not significant. Neither was Run × Responder Status. However, the Placebo ×
Run × Responder Status interaction was significant, F(1, 13) = 6.58, p = .02. Examination of
the means suggested that Responders showed placebo reductions in P2 amplitude in both
runs, whereas Nonresponders showed it only in Run 1. The Placebo × Responder Status
relationship did not interact with Electrode. Other effects were qualitatively similar to those
reported above and do not change the interpretation of results.

Grand averages, illustrated in the top panels of Fig. 3, show the N2 and P2 responses across
the 24 subjects included in our analyses. These generally did not show apparent differences
between C and P (thin black line and thicker gray line, respectively), which might be
expected given the individual variability in the amplitude and latency of reported peaks. The
middle and bottom panels of Fig. 3 show grand averages for Responders (n = 8) and
Nonresponders (n = 8), respectively. Responders show an apparent decrease in P2 with
placebo, though the effect of Responder Status was not significant in P2 peak amplitude, as
described above.

3.3. Relationship of N2 and P2 amplitude to intensity and reported pain
We conducted a preliminary experiment to assure that LEP responses were sensitive to laser
intensity variations and test the intensity reduction hypothesis. Results of the preliminary
experiment are shown in Fig. 4. The scatterplots show how N2 and P2 vary with reported
pain intensity. Different subjects are plotted with different symbols. N2 did not vary in a
systematic way with laser intensity (R2 = 0.0, F = 0.0, p = .99) or pain (R2 = 0.002, F =
0.085, p = .77). These relationships are shown in Figs. 4A and B. Because N2 amplitude was
not sensitive to changes in laser intensity or pain, we did not analyze it further.

P2 amplitude, however, increased significantly with increasing laser intensity (R2 = 0.658, F
= 57.77, p < .0001) and pain (R2 = 0.42, F = 24.7, p < .0001). We found that the relationship
between P2 amplitude and pain ratings was fit best by a power function (though other
functions provided similar fits). The best-fitting function was P2 = 8.1X0.78 (where X = pain
rating), which was roughly linear in the range of reported intensities observed in our
experiment (1–5; see Fig. 4C).

We applied the same procedure to the relationship between P2 amplitude and laser intensity
to estimate the effective reduction in laser intensity for the observed placebo effects. The
best-fitting function was a sigmoid, P2 = e(5.5−1622/X), where X = laser intensity. While the
relationship between P2 amplitude and reported pain was roughly linear, the relationship
with laser intensity was nonlinear, as shown in Fig. 2D. In particular, much larger decreases
in laser intensity are required to achieve a unit change in P2 amplitude if intensity and
reported pain are low. The expected P2 placebo effect, a reduction from 18 to 14 µV, is in a

2We tested for effects of laser intensity and overall pain by using R2 change tests. C–P placebo scores were used as the dependent
variable. The basic (reduced) model included only administration Order, Reported Placebo (Placebo), and their interaction. To test
effects of intensity, we added intensity and its interactions with Placebo and order. Thus, the full model included Order, laser intensity,
Placebo, and all two-way interactions. For Cz, The increase in R2 compared with the reduced model was 0.20, F(3, 17) = 2.29, p = .
11, which did not provide convincing evidence for intensity effects. In a second analysis, we added overall pain to the reduced model,
so that the full model included Order, Placebo, reported overall pain, and all two-way interactions. This model did not account for
significantly more of the variance in P2 placebo effects, R2 change = 0.11, F(3, 17) = 1.09, p = .3817. Analyses showed similar results
for other electrodes.
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sensitive part of the curve in Fig. 2D, as the response is roughly linear between 10 and 20
µV (corresponding approximately to 400–700 mJ). The observed P2 amplitudes of 18.6 µV
for Run 1 and 15.1 µV for Run 2 are also in the sensitive portion of the curve, indicating that
P2 amplitude was expected to be responsive to placebo suppression of nociceptive input.

3.4. Testing the intensity reduction hypothesis
We next compared observed P2 placebo effects with those expected under the intensity-
reduction hypothesis, as shown in Fig. 5. The x-axis shows reported pain for both placebo (n
= 24) and intensity-mapping (n = 10) groups. The y-axis shows P2 amplitude in both
experiments, for both runs together (left panel) and for Run 1 only (right panel). The solid
line is the regression line for P2 amplitude regressed on reported pain (n = 10, with 90%
confidence bands), and the expected placebo reduction is shown as the lower of two dashed
lines on the y-axis. The darker and lighter circles in Fig. 5 show the 90% confidence
intervals for C and P effects (n = 24; though placebo effects were calculated as within-
subjects contrasts), and the uppermost dashed line on the y-axis shows the observed placebo
effect.

Notably, P2 amplitudes were lower (and/or reported pain was higher) for the intensity-
mapping group overall than for the placebo group. This effect may have multiple causes,
including differences between subjects, the placebo context, and the length of the test.
However, what is critical is the within-subject differences between higher and lower
reported pain. If the relationship between P2 and reported pain is nonlinear, then the
difference in offset between groups could make interpretation of the critical reductions in P2
between groups problematic; it would be difficult to tell a whether the difference is due to
differences in the magnitude or the scale of the response. However, Fig. 2 shows that the
relationship is roughly linear across the range of intensities tested, so the intensity-reduction
hypothesis predicts equal reductions in P2 per unit reduction in reported pain for the placebo
and intensity-mapping groups.

The observed placebo reduction in P2 was 1.28 µV, with a variance of 20.47 µV2 (n = 24;
left panel, top dashed line on y-axis). The expected placebo reduction due to an intensity
decrease was 5.65 µV, with a variance of 29.36 µV2 (left panel in Fig. 5, bottom dashed line
on y-axis). The difference between observed and expected P2 reductions of 4.37 µV was
significant, t (14.5) = −2.25, SE = 1.95, p = .02. The overall difference between P2
amplitudes for the placebo and intensity-mapping groups suggests that P2 amplitudes were
higher in the placebo experiment, but the critical effect of interest is the relative drop in P2
amplitude with a decrease in reported pain.

For Run 1 only (right panel of Fig. 5), the observed decrease was 2.80 µV, with a variance
of 41.42 µV. The RP effect of 2.90 µV for C vs. 2.187 µV for P led to an expected P2
decrease of 5.11 µV, with a variance of 24.14 µV. The difference between observed and
expected P2 placebo effects of 2.31 µV was not significant, t (22.1) = −1.14, SE = 2.03, p = .
13. Adjusting for order did not change the results. Thus, reduction of input (i.e., early pain
inhibition) is a possible cause of reported placebo effects in Run 1, but is unlikely to be an
adequate explanation for reported placebo effects overall.

4. Discussion
In this study, we recorded evoked brain potentials from midline electrodes in response to
painful laser stimuli (LEPs) to test for placebo effects on early nociceptive processing. We
compared stimulation of placebo-treated skin (P) with stimulation of control-treated skin
(C). The ointments applied to each skin area were identical; the only difference was the
induction of expectations of pain relief in the placebo condition. We observed robust
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placebo effects on reported pain, consistent with previous studies (Price et al., 1999; Vase et
al., 2005; Voudouris et al., 1989; Wager et al., 2004). In addition, our results show that
placebo treatment reduced P2 LEP amplitude, particularly in the first blocks of stimulation
(Run 1). These effects were observed to some degree at all electrodes (FCz, Cz, Cpz, and
Pz). Adjusting for Run and Order, placebo effects were maximal at Cz (Table 1), although
stronger effects of testing order, habituation, and overall pain made simple C–P effects most
reliable at Pz. The N2 component was insensitive to changes in applied pain intensity and to
placebo.

A reduction in P2 with placebo is consistent with the modulation of pain affect in anterior
cingulate suggested by other studies (Rainville et al., 1999; Wager et al., 2004), as cingulate
is a likely generator of the laser-evoked P2 (Garcia-Larrea et al., 2003; Iannetti et al., 2004;
Lenz et al., 1998). However, we recorded only midline electrodes in the current study and
cannot do source localization, which is a limitation of the current study. Because the P2
often has a latency around 300 ms, there is some debate about whether it reflects a P300, but
previous work suggests that the P2 and P300 are dissociable (Lorenz et al., 1997a,b; Lorenz
and Garcia-Larrea, 2003), though the P2 may overlap with or be augmented by the P3a. In
our study, the P2 was pain responsive and the stimulus did not vary across trials, making it
unlikely that the effect is a classic P3, though a P3a could have produced the responses,
particularly as placebo effects were present only in Run 1. The idea that the P2 modulation
we observed reflects changes in cognitive appraisal of the pain stimulus is consistent with
theories about expectancy-based placebo effects (Wager, 2005a,b).

4.1. Factors influencing brain placebo effects
The analyses revealed three factors that are important to consider when studying placebo
effects in LEPs. The first is overall pain intensity. Consistent with our previous work, if
stimulation is less painful (or not painful), then placebo effects are reduced. Thus, care must
be taken to ensure that the stimulus is painful enough. One reason for this is that placebo
may work by reducing anxiety (Vase et al., 2005), and larger placebo effects may be elicited
if the situation is anxiogenic (Staats et al., 2001). A second explanation could be that pain
and placebo both induce endogenous opioid release, and these two effects are non-additive
(see Zubieta et al., 2005, 2006, for an example of placebo opioid release specific to pain),
implying that both pain and expectation are required for a placebo opioid response (Fields,
2004). Finally, it could simply be placebo effects are lower with reduced pain due to floor
effects. In this study, LEP analyses were conducted on participants who reported that the
stimulus was painful.

A second factor to consider is habituation over time during testing, which influenced the
placebo effect size in P2 LEPs, but not in reported pain. As found in other studies of LEPs
(Garcia-Larrea et al., 2003), P2 effects habituate more than reported pain does. The
habituation of P2 but not reported placebo effects constitutes a striking dissociation between
brain and self-report measures of pain processing. We anticipated the habituation of placebo
effects due to the decrease in reported pain over time, but overall intensity decreases may
not be sufficient to explain the effect.

What, then, might cause the habituation of placebo effects in LEPs? One possibility is that
the effect of placebo on early pain processing is due to anxiety reduction, and thus has a
most pronounced effect on the initial pain stimuli. Participants report that early trials are
substantially more painful than later trials, possibly due to anxiety and uncertainty about the
stimulus and testing situation. A second possibility is that placebo treatment can elicit an
early, pre-stimulation opioid release—but once the opioid system is activated by painful
stimulation, the placebo treatment offers little additional benefit. Either of these scenarios
involves the additional assumption that reported pain is influenced by judgments about the
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experimental context (e.g., the stimulus history) in ways that LEPs are not. For instance,
pain reports may be subject to hysteresis or self-consistency biases. That is, if pain is
initially high, then participants may form an overall impression of the stimulus as painful
and continue to report high levels of pain even when the stimulation is reduced.

A third factor is the order of testing (control first or placebo first), which were strongest at
Cz. We observed strong placebo effects in the C first group, but no reliable differences in
the P first group. This could be because of a real psychological difference between receiving
C first or P first, but it could also simply reflect habituation to the stimulus across the first (C
or P) and second (C or P) testing blocks, for the following reason: If P2 effects habituate, as
we observed, then even if there were no true effect of placebo, we would expect to observe
C–P differences in the C first group and P–C differences of equal magnitude in the P first
group, creating an apparent Placebo × Order interaction. Another way of saying this is that
our design, which was intended to study placebo effects overall but not differences in
placebo due to administration order, cannot separate effects of habituation from
psychologically caused Placebo × Order interactions. Thus, we cannot say whether
psychobiological placebo effects are larger in the C first group. Future studies with
additional subject groups that receive only placebo or only control stimulation across the
entire experiment may resolve this ambiguity.

Critically for our main hypotheses, however, all our analyses controlled for testing order in
the GLM. A significant placebo effect, controlling for order, is statistically equivalent to
testing whether C–P effects in the C first group are larger than P–C effects in the P first
group, and implies that the placebo treatment had an impact independent of the effects of
habituation. We observed strong placebo effects in the C first group, but no reliable
differences in the P first group, consistent with the idea that both placebo effects and
habituation influence P2 responses. Thus, we can reject the null hypothesis that placebo
treatment had no effect, but we cannot assess whether the testing order has a real
psychological impact on placebo responses.

4.2. The intensity-reduction hypothesis
The strongest hypothesis for why brain placebo effects may be observed is that placebo
treatment blocks nociceptive input to the brain, thus reducing the impact of those signals on
brain activity. Recent evidence from a secondary hyperalgesia paradigm suggests that there
may be a spinal inhibition component to placebo (Matre et al., 2006). Thus, goal of this
research was to test whether the magnitude of placebo effects in LEPs is consistent with
spinal pain inhibition. We equated the reported pain decrease in the placebo experiment (n =
24) and a separate laser intensity- mapping experiment (n = 10), and asked whether there
were also equivalent reductions in P2 amplitude. We found that P2 placebo effects in the
first run were strong enough to be consistent with an intensity reduction, but that P2 placebo
effects collapsing across runs were significantly smaller than would be expected under the
intensity reduction hypothesis.

This finding is consistent with the finding that placebo effects in P2 were only found in the
first run, but equivalent reported placebo effects were found in both runs. Together, the
selective habituation of placebo effects in LEPs and the intensity-reduction results suggest
that placebo effects on early nociceptive processing (including spinal inhibition and
attention- or affect-related effects) are not the only component of placebo analgesia in
reported pain. Thus, the model that placebo effects are either completely mediated by spinal
inhibition or they are not is probably too simplistic. An alternative is that there are multiple
components of a placebo response, including effects on central processing of pain affect
(Wager, 2005a,b) and on cognitive judgments about pain (Clark, 1969).
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An alternative account is that different regions of the cingulate (the presumed source of the
P2) have different phasic responses to the laser stimulus, and that placebo effects in different
directions (increases vs. decreases in activity) in these regions offset one another, producing
smaller than expected placebo decrements in P2. LEP analysis cannot discriminate the
activity of multiple cingulate subregions based on spatial location, but independent
components analysis may reveal whether there are multiple superimposed effects hidden
within the overall P2 response. Supplementary independent components analysis (ICA) did
not show evidence for multiple components that are affected differentially by placebo (data
not shown for space reasons). In addition, for this hypothesis to explain the pattern of
results, placebo-induced increases in a subcomponent of P2 would have to increase over the
course of the session (between Run 1 and Run 2); we are not aware of evidence that might
support the existence of such an effect.

4.3. Correspondence between P2 and reported placebo effects
A related question is whether those participants who reported the largest placebo reductions
in reported pain also showed the largest P2 placebo reductions. We looked for these effects
in two ways: by using ranked reported effects in the GLM analysis and by comparing P2
effects for the highest and lowest thirds of the group on reported effects. None of these tests
were significant, although the grand averages (Fig. 4) show effects of Responders and
Nonresponders in the appropriate direction. The low brain-behavior correlations are
consistent with the notion that placebo effects on reported pain involve multiple
components, only one of which is an effect on early nociceptive processing. The existence
of both early (LEP-influencing) and late (affect or cognitive judgment) components of
reported placebo effects would make relationships between P2 effects and reported effects
difficult to detect.

5. Conclusions
In this study, we report that a placebo treatment produced detectable amplitude decreases in
the P2 component of laser-evoked pain potentials. Brain placebo responses were large
enough to reflect a meaningful difference in nociceptive processing, but the effects were
smaller than the very robust decreases in reported pain. Placebo responses in P2 potentials
were smaller than those expected if the entire reported response were produced by a
decrease in nociceptive input, suggesting that there are both early and late phases of the
placebo response.
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Fig. 1.
Experimental protocol. Six 16-by-16 mm patches were marked on the skin of the volar
forearm and treated with an placebo cream or a control cream. The experiment involved
three phases: calibration, manipulation, and test. Each laser stimulus was cued by an
auditory warning cue (a beep) presented 6200–7900 ms before the stimulus, and followed by
another auditory cue 1500 ms post-stimulus that signaled the participant to make a rating of
reported pain. After a calibration phase to determine each individual’s pain intensity vs.
applied laser intensity, a manipulation phase followed in which participants received laser
stimuli to the control- and placebo-treated areas at ‘high’ and ‘low’ intensities, respectively.
During the test phase, subjects received 2 runs of 20 stimuli each on the control (C)- and
placebo (P)-treated areas at medium intensity. The figure shows the order of testing for a C-
first subject; order was counterbalanced across participants. The manipulation and test
phases were performed on different skin patches.
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Fig. 2.
P2 amplitudes by placebo condition and run for each electrode, controlling for order of
testing. Notably, placebo reductions in P2 amplitude are apparent in all electrodes for Run 1,
but not Run 2.
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Fig. 3.
Top row: grand averages by placebo condition across all runs and participants. For display,
data were not adjusted for baseline activity. Responses in the control condition are shown by
the thin black lines, and in the placebo condition in thicker gray lines. Middle row: grand
averages by placebo condition for the placebo Responder group (n = 8). Bottom row: grand
averages for Nonresponders (n = 8).
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Fig. 4.
Scatterplots of N2/P2 amplitude vs. intensity. The relationship between LEP amplitude and
perceived and applied intensity was determined in a separate experiment on ten subjects who
each received 50 stimuli at five different laser intensities. This enabled us to test whether P2
placebo effects were lower than would be expected if placebo worked only by reducing
nociceptive input. N2 amplitude did not change with either perceived intensity (A) or laser
intensity (B). P2 amplitude changed with both perceived intensity (C) and laser intensity
(D). A power equation best described the overall relationship in (C), though the response
was not essentially linear in the range of reported pain placebo effects in the main study,
whereas a S function best described the relationship in (D). To estimate expected P2
amplitude for a given change in perceived intensity, linear regressions were computed
within each participant and the variance in predicted values corresponding to reported pain
and placebo effects was assessed across participants.
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Fig. 5.
Test of the intensity reduction hypothesis of placebo. The solid line is the regression slope
for the relationship between reported pain and P2 amplitude in the preliminary experiment
(n = 10). Light gray lines show 90% confidence intervals, corresponding to the one-sided
hypothesis of expected decreases in P2 with decreasing pain. The circles show 90%
confidence regions in the control and placebo conditions (n = 24). Dashed lines on the y-axis
show the observed placebo decrease and the expected decrease if the same reported pain
decrease were produced by an intensity reduction. Confidence regions shown are between
subjects, though tests of control–placebo and expected decreases were calculated within
subjects. The observed decrease is significantly smaller than the expected decrease across
both runs (A), but is not significantly different in the first run alone (B).
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