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Contemporary learning theories suggest that conditioning is heavily dependent on the processing of prediction errors, which signal a discrepancy
between expected and observed outcomes. This line of research provides a framework through which classical theories of placebo effects, expectations
and conditioning, can be reconciled. Brain regions related to prediction error processing [anterior cingulate cortex (ACC), orbitofrontal cortex or the
nucleus accumbens] overlap with those involved in placebo effects. Here we examined the possibility that the magnitude of objective neurochemical
responses to placebo administration would depend on individual expectation-effectiveness comparisons. We show that such comparisons and not
expectations per se predict behavioral placebo responses and placebo-induced activation of m-opioid receptor-mediated neurotransmission in regions
relevant to error detection (e.g. ACC). Expectations on the other hand were associated with greater m-opioid system activation in the dorsolateral
prefrontal cortex but not with greater behavioral placebo responses. The results presented aid the elucidation of molecular and neural mechanisms
underlying the relationship between expectation-effectiveness associations and the formation of placebo responses, shedding light on the individual
differences in learning and decision making. Expectation and outcome comparisons emerge as a cognitive mechanism that beyond reward associations
appears to facilitate the formation and sustainability of placebo responses.
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INTRODUCTION

Placebo research theories have been divided on whether placebo effects

depend on conscious expectancy (Kirsch, 1985; Price and Barrell,

2000) or learning mechanisms (Ader and Cohen, 1975;

Wickramasekera, 1980; Voudouris et al., 1985, 1989); as a conse-

quence, a number of studies have tried to tease expectancy and learn-

ing processes apart (for a review, see Stewart-Williams and Podd,

2004). Newer learning theories suggest that conditioning is related to

both initial expectancies and association-based plasticity (Atlas and

Wager, 2012). Rescorla and Wagner formalized a model of classical

conditioning in which learning does not depend on simple contiguity

between conditioned and unconditioned stimuli. Instead, conditioning

depends on prediction error, which signals discrepancies between ex-

pected and observed outcome (Rescorla and Wagner, 1972). This line

of work suggests that expectancies underlie most forms of learning

(Reiss, 1980). Therefore, prediction error signal theories, as defined

by Rescorla and Wagner (1972), would provide a mechanism through

which classical theories of placebo analgesia, expectations of clinical

improvement and conditioning are reconciled and placebo responses

would emerge as a consequence of expectation and outcomes associ-

ations. If this was to be the case, the formation and maintenance of

placebo effects would represent an instance of expectation and out-

come comparisons, and an extension of the mechanisms involved in

motivated behavior.

Brain regions involved in the formation of error predictions include

the striatum, orbitofrontal cortex and anterior cingulate cortex

(Lauwereyns et al., 2002; Samejima et al., 2005; Matsumoto and

Hikosaka, 2007; Rushworth et al., 2007). Some of these regions overlap

with those in which the endogenous opioid system becomes active

during placebo administration in the context of expectations of anal-

gesia (Zubieta et al., 2005; Wager et al., 2007; Scott et al., 2008), sug-

gesting that the endogenous opioid system, in addition to its

engagement in analgesia, may also be regulating the function of regions

that could potentially be implicated in learning and therefore the sus-

tainability of placebo effects (Pecina et al., 2013).

An extensive literature has related the encoding of expected values

and their probabilities to the mesolimbic dopamine (DA) system

(Schultz, 1998; Fiorillo et al., 2003; Tobler et al., 2005; Fiorillo et al.,

2008). In the context of placebo analgesia, work by our group has

previously shown that anticipated placebo effects and the mismatch

between anticipated and perceived outcomes are linearly related to the

activation of nucleus accumbens (NAc) DA neurotransmission during

placebo administration (Scott et al., 2007). Furthermore, the individual

neural responses to anticipated monetary rewards tracked the subjects’

expectations of analgesia and deviations from those predictions.

Another potential neurotransmitter system that could be involved in

the encoding of expectations and their probabilities in placebo

responses would be the endogenous opioid system. This system has

been classically involved in placebo effects in the context of expect-

ations of analgesia (Kozel et al., 1980; Zubieta et al., 2005; Wager et al.,

2007; Scott et al., 2008). Animal models have shown that blocking

opioidergic neurotransmission in structures relevant to fear condition-

ing [amygdala, periaqueductal gray (PAG), rostral ventromedial

medulla] inhibits the development of conditioned hypoalgesia

(Bellgowan and Helmstetter, 1998; Foo and Helmstetter, 1999). In

humans, an fMRI study has shown that blocking opioidergic neuro-

transmission via naloxone inhibited the development of conditioned

hypoalgesia in a conditioning-dependent anticipatory antinociceptive

network [rostral anterior cingulate cortex (ACC), PAG and amygdala]

leading to more sustained responses to the unconditioned stimulus

(Eippert et al., 2008). Given its role in conditioned hypoalgesia, this

neurotransmitter system could be a good candidate not simply to exert

placebo analgesic effects induced by positive and negative expectations,

but also to carry the probabilistic value through which expectations
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and their comparison with the individual assessment of outcomes

relate to the generation of placebo responses.

Here we aimed to examine a potential mechanism through which

expectation and outcome comparisons predict placebo responses.

Expectation and subjectively reported effectiveness comparisons

would appear as a learning mechanism, possibly reconciling classical

theories of placebo, expectations and conditioning. To test this

hypothesis we used positron emission tomography (PET) and the

m-opioid receptor selective radiotracer [11C]carfentanil during a sus-

tained pain challenge with and without placebo administration. We

hypothesized that expectation and outcome comparisons, and not

expectations alone, would predict the formation of placebo effects.

Further, that neurochemically, m-opioid neurotransmission in cogni-

tive regions, such as the dorsolateral prefrontal cortex (DLPFC)

(Wager et al., 2004; Keltner et al., 2006; Kong et al., 2006), will be

relevant for the formation of expectations but not necessarily placebo

analgesic effects. If prediction error theories underlie the formation of

placebo responses, m-opioid neurotransmission in regions related to

error detection, such as the ACC, the orbitofrontal cortex (OFC) or the

NAc, would be associated with reductions in pain ratings during

placebo administration.

EXPERIMENTAL PROCEDURES

Subjects

Forty-eight right-handed non-smoking subjects (21 males and 27

females) ranging in age from 19 to 38 years (mean� 1 s.d.:

26.15� 4.9 years) were recruited via advertisement. In addition to

completing physical and neurological examinations, study participants

underwent screening using the non-patient version of the Structured

Clinical Interview for DSM-IV. Participants had no history of or cur-

rent medical, neurological or psychiatric illnesses, including substance

abuse, or dependence, and had alcohol intake of less than five drinks

per week. Written informed consent was obtained in all cases. All of

the procedures used were approved by the University of Michigan

Investigational Review Board for Human Subject Use and the

Radioactive Drug Research Committee.

Experimental design

The experimental design, in the absence or presence of placebo, con-

sisted of a control, non-painful condition when pain is potentially

expected but not received (0.9% isotonic saline, 5–25 min after start

of scanning) and a painful condition (5% hypertonic saline, 45–65 min

after start of scanning), infused in the masseter muscle. Volunteers

were told that these two conditions would take place, but not their

order, allowing for expectation of pain during the non-painful control

condition. In the pain condition, a steady state of moderate muscle

pain was maintained for 20 min. In this model of sustained deep som-

atic pain, the intensity of the painful stimulus is standardized across

subjects, as described in detail previously (Zhang et al., 1993; Stohler

and Kowalski, 1999). Briefly, volunteers are asked to rate pain intensity

every 15 s from 0 (no pain) to 100 (most intense pain imaginable)

using an electronic 0–100 visual analog scale (VAS) placed in front

of the scanner gantry during both control and pain conditions.

A suitable infusion rate for the maintenance of pain over time (i.e.

VAS of 50) was then estimated by comparing the subject’s response to

the mean response of 65 subjects of the same age range exposed to the

same bolus. From that point on, the adaptive controller depended on

feedback from the subjects. The subject ratings of pain intensity,

acquired every 15 s, were fed back to the computer via an analog-

digital board, which then changed the infusion rate to maintain pain

at similar levels over time. The individual infusion profiles generated

during the pain challenges were then repeated for the studies with

placebo administration (Scott et al., 2008), maintaining the painful

stimulus the same across both, the pain and the painþ placebo

condition.

During the placebo condition, subjects were given the following

instructions before administration of the placebo: ‘We are studying

the effect of a pain relief medication. This medication is thought to

have analgesic effects through the activation of natural brain systems

that suppress pain’. The placebo condition consisted of the introduc-

tion of 1 mL of 0.9% isotonic saline into one of the intravenous ports

every 4 min, with the volunteer being made aware that was being the

case, starting 2 min before the pain challenges, and lasting for 15 s each

time. Subjects were aware that the study drug was to be administered

because they were alerted by a computer-generated human voice

recording, followed by a second-by-second count of the infusion

timing (15 s). Each subject underwent four pain challenges, two of

them with placebo administration, as previously described (Scott

et al., 2008), and the order of each pair of pain and painþ placebo

studies was randomized, but only the results of two of the sets are

reported here, those associated with [11C]carfentanil PET scanning.

Immediately after the pain and the painþ placebo challenges sub-

jects completed the McGill Pain Questionnaire (MPQ) (Melzack and

Torgerson, 1971). These measures, together with the 0–100 VAS pain

intensity ratings acquired every 15 s in the absence and presence of

placebo was used as the primary endpoint for the assessment of pla-

cebo responses.

For the specific study of prediction error, subjects were asked to

estimate the expected analgesia before the introduction of the placebo

by answering the question: ‘From 0 to 100 how effective do you think

the treatment will be?’ After the pain challenges, they were asked to

subjectively estimate the efficacy of the placebo using a VAS ranging

from 0 (no analgesic effect) to 100 (maximum analgesia) by answering

the question: and ‘From 0 to 100 how effective was the treatment?’

Neuroimaging methods

As previously described (Scott et al., 2008), during the experimental

condition two 90 min PET studies per subject were acquired

(HRþ scanner; Siemens, Knoxville, TN) in three-dimensional mode

(reconstructed full-width/half-maximum resolution, approximately

5.5 mm in plane and 5.0 mm axially), with the septa retracted and

scatter correction. Participants were positioned in the PET scanner

gantry, and two intravenous (antecubital) lines were placed. A light

forehead restraint was used to eliminate intrascan head movement.

[11C]carfentanil was synthesized at high specific activity by the reaction

of [11C]methyl iodide and a normethyl precursor as previously

described (Jewett, 2001). 15� 1 mCi were administered per scan ses-

sion (�0.03mg/ml cold mass). Fifty percent of the radiotracer doses

were administered as an initial bolus and the remaining 50% by con-

tinuous infusion for the remainder of the study to more rapidly

achieve steady-state levels. For each study, 21 sets of dynamic scans

were acquired with an increasing duration (four 30 s frames, three

1 min frames, two 2.5 min frames, eight 5 min frames and four

10 min frames). Images were reconstructed using iterative algorithms

(brain mode; Fourier rebinning algorithm with ordered-subsets

expectation maximization, four iterations, and 16 subsets; no smooth-

ing) into a 128� 128-pixel matrix in a 28.8-cm diameter field of view.

Attenuation correction was performed through a 6 min transmission

scan (Ge68 source) obtained before the PET study and with iterative

reconstruction of the blank/transmission data, followed by segmenta-

tion of the attenuation image. Small head motions during PET were

corrected by an automated computer algorithm for each subject before

analysis, and the images were coregistered with the same software

(Minoshima et al., 1993). Time points were then decay corrected
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during reconstruction of the PET data. Image data were then trans-

formed on a voxel-by-voxel basis into two sets of parametric maps, a

tracer transport measure (K1 ratio) and a receptor-related measure

(non-displaceable binding potential BPND). To avoid the need for

arterial blood sampling, these measures were calculated using a mod-

ified Logan graphical analysis (Logan et al., 1996) and the occipital

cortex (an area devoid of m-opioid receptors) as a reference region.

Using the bolus-continuous infusion protocol described above, the

slope of the Logan plot becomes linear 5–7 min post-tracer adminis-

tration and is proportional to the receptor concentration divided by its

affinity for the radiotracer [(f2Bmax/Kd) þ1]; f2Bmax/Kd is termed non-

displaceable binding potential (BPND) (Innis et al., 2007) or receptor

availability in vivo. Bmax is the receptor concentration and Kd, the

receptor-ligand dissociation constant. The term f2 refers to the

concentration of free radiotracer in the extracellular fluid and is con-

sidered to represent a constant and very small value. Reductions in the

in vivo availability of receptors after an acute challenge (i.e., placebo

administration during an experimental pain challenge) are thought

to reflect processes, such as competition between radiotracer and

endogenous ligand, associated with neurotransmitter release

(Narendran and Martinez, 2008).

Anatomical MRI studies were acquired before PET on a 3 T scanner

(General Electric, Milwaukee, WI). Acquisition sequences were axial

spoiled gradient recall inverse recovery prepared magnetic resonance

[echo time, 3.4 ms; repetition time, 10.5 ms; inversion time, 200 ms;

flip angle, 258; number of excitations, 1; using 124 contiguous images,

1.5 mm thickness]. The K1 and BPND images for each experimental

period and the MRIs were coregistered to each other and to the

International Consortium for Brain Mapping stereotactic atlas orien-

tation (Meyer et al., 1997).

Data analysis

In order to create a measure of expectations and counterfactual com-

parisons and to avoid exclusively correlative analyses, subjects were

assigned to a Low (�50) or High (>50) Expectations or Effectiveness

group based on their answers to the questions: from 0 to 100 how

effective do you think the medication will be? (Expectations, prior to

scan) and from 0 to 100 was the medication effective? (Subjective

assessment of effectiveness, after scan); 19 subjects were classified as

having High Expectations and 29 as having Low Expectations. When

the two variables were combined, these resulted in two groups: a High

Expectation/Low Effectiveness group (n¼ 7), Low Expectations/Low

Effectiveness group (n¼ 19), High Expectations/High Effectiveness

group (n¼ 13) and Low Expectations/High Effectiveness group

(n¼ 9). This categorical approach was preferred to the subtraction

of expectation and subjective assessment, classically know as prediction

error signal (Rescorla and Wagner, 1972). The latter would include

under the same value very different behavioral responses (e.g. subjects

with expectations of 100 and effectiveness of 100 will have the same

prediction error signal as subjects with expectations of 0 and effective-

ness of 0).

A mixed effects analysis of variance was applied on a voxel-by-voxel

basis with four within-subject conditions (pain� placebo, and their

corresponding baselines) and the Expectation or Expectation/

Effectiveness group as the between subjects factor in separate analysis.

A main interaction effect was tested between the Expectation or

Expectation/Effectiveness groups and the within-subject conditions

on the opioid activation maps. Activation maps were deemed signifi-

cant at P < 0.05, and K > 10 after false discovery rate correction for

multiple comparisons. For a priori hypothesized regions associated

with expectations (DLPFC), predictions of outcomes (OFC, ACC

and NAc) and learning (amygdala and hippocampus) a P < 0.001

and K > 10 was considered significant. These data were extracted for

examination of the presence of outliers, graphing and the calculation

of percent changes in BPND. Using SPSS statistical software (version

19.0; SPSS Inc, Chicago, IL), these values were used to plot the data

and perform correlation analyses and to confirm the voxel-by-voxel

results for all analyses. Planned analyses included correlations between

expectation vs subjective observed outcome comparisons and placebo-

induced effects on neurotransmission and psychophysical ratings as

measured by the MPQ and the average of momentary pain intensity

ratings (VAS) acquired every 15 s during the study.

Mediation analysis

We used the SPSS 20.0 macro Mediate.sbs (http://afhayes.com/spss-sas-

and-mplus-macros-and-code.html) to estimate the path coefficients

and the size of the indirect effect of the multiple mediator model X

(the categorical variable ‘expectation-outcome comparison group’) on

Y (the continuous variable ‘changes in VAS/MPQ scores after placebo

administration’) through Z (the continuous variable ‘expectation-out-

come comparison group effect on regional m-opioid activation during

placebo administration’). m-Opioid system activation values for each

region were modeled simultaneously.

RESULTS

Effects of expectations on placebo analgesia

The variable levels of expectations were normally distributed and had a

mean of 49.6� 27 (s.d.) with values ranging from 0 to 100. When

testing for the effects of Expectations on psychophysical placebo ef-

fects, the analysis of covariance model showed no effect of Expectations

(Low vs High) on placebo-associated reductions in pain ratings, as

measured by the change (�) in the average VAS intensity acquired

every 15 s (� Low¼ 5.8� 15.5, � High¼ 5.9� 14, F¼ 0.001,

P¼ 0.97) or the MPQ Total score (� Low¼ 2.1� 8,7, �

High¼ 1.2� 8.6, F¼ 0.10, P¼ 0.75) after placebo administration.

Moreover, expectations of pain relief were not correlated with pla-

cebo-induced decreases in pain ratings during placebo administrations:

(� VAS: r¼ 0.04, P¼ 0.8; � MPQ: r¼�0.08, P¼ 0.5).

Effects of expectation group on placebo-induced D in
m-opioid BPND

The brain voxel-by-voxel analysis revealed an effect of expectation

group (High > Low Expectations) on the � in m-opioid BPND after

placebo administration in the left DLPFC (a priori hypothesized re-

gions, P < 0.001 uncorr., K > 10): [(x, y, z, MNI coordinates) �34, 10,

28, 127 mm3, Z¼ 3.63] (Figure 1). m-Opioid release in the DLPFC was

not significantly correlated with decreases in pain ratings after placebo

administration.

We found no significant effect of expectation group on opioid

system activation during the pain challenge (control minus pain

condition).

Effects of expectation and outcome comparison group on
placebo analgesia

When testing for the effects of Expectation and Outcome comparison

group on placebo-induced analgesic responses, a significant effect was

found on the � in the average VAS intensity ratings over the 20 min

challenge (F¼ 14.3; P < 0.001) and in the MPQ Total scores (F¼ 6.7;

P¼ 0.001). Subjects showing a positive prediction error signal (Low

Expectations and High Effectiveness ratings) had the greater placebo

response (� VAS: 22� 10; � MPQ: 10� 7.4), whereas lower placebo

responses were observed in subjects showing High Expectations/High

Effectiveness (� VAS: 10� 7.4; � MPQ: 3.3� 8). Subjects showing a
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negative prediction error signal (High Expectations and Low

Effectiveness) had mean hyperalgesic, ‘nocebo’, responses after placebo

administration (� VAS: �9� 14; � MPQ: �5.5� 10). No mean ef-

fects on pain ratings during placebo administration were observed in

volunteers who rated Low Expectations and Low Effectiveness (� VAS:

0� 9.6; � MPQ: �0.4� 5.6). Significant differences between groups

were observed with post hoc analysis with Bonferroni correction for

multiple comparisons (Figure 2, Table 1).

Effects of expectation and outcome comparison group on
Placebo-Induced D in m-opioid BPND

The brain voxel-by-voxel model showed an effect of expectation and

outcome comparison group in the following regions (for all a priori

hypothesized regions, P < 0.001 uncorr., K > 10): subgenual and rostral

ACC [(x, y, z, MNI coordinates) �9, 12, �18, 9066 mm3, Z¼ 4.02];

dorsal ACC (�15, 33, 31, 257 mm3, Z¼ 3.57); right OFC (23, 45, �18,

2334 mm3, Z¼ 3.76), the anterior hippocampus/amygdala bilaterally

(left: �28, �8, �27, 931 mm3, Z¼ 3.76; right: 30, �5, �17, 599 mm3,

Z¼ 3.34) and posterior hippocampus bilaterally (left: �28, �26, �3,

1446 mm3, Z¼ 4.32; right: 27, �27, �15, 429 mm3, Z¼ 3.71)

(Figure 3). Although not a priori hypothesized to be involved in

expectations and outcomes comparisons, we also found an effect in

the thalamus (THA) (left: �12, �21, 19, 501 mm3, Z¼ 3.46) and the

insula (INS) bilaterally (left dorsal anterior: �33, 12, �3, 2346 mm3,

Z¼ 3.97; right posterior: 53, �2, 11, 931 mm3, Z¼ 3.81). Post hoc

analyses with Bonferroni correction for multiple comparisons are

shown in Table 2.

We found no significant effect of expectation and outcome com-

parison group on opioid release during the pain challenge (control

minus pain condition).

The effects of expectation and outcome comparisons on placebo-

induced activation of m-opioid neurotransmission were indeed corre-

lated with placebo-induced reductions in pain ratings after placebo

administration as measured by the average VAS intensity ratings and

the change in MPQ total scores: left subgenual ACC (MPQ: r¼ 0.35,

P¼ 0.01), left rostral ACC (VAS: r¼ 0.35, P¼ 0.01; MPQ: r¼ 0.43,

P¼ 0.002), left dorsal ACC (VAS: r¼ 0.32, P¼ 0.02; MPQ: r¼ 0.47,

P¼ 0.001), right posterior hippocampus (VAS: r¼ 0.30, P¼ 0.04), left

lateral THA (VAS: r¼ 0.40, P¼ 0.005; MPQ: r¼ 0.47, P¼ 0.001) and

left dorsal anterior INS (VAS: r¼ 0.32, P¼ 0.02; MPQ: r¼ 0.44,

P¼ 0.002).

Mediation analysis

We used a path model (mediation analysis) to test our mechanistic

hypothesis that the effect of expectation and subjective effectiveness

comparisons on behavioral placebo responses will be mediated by the

activation of the m-opioid system in regions relevant to detection error

Fig. 1 Effect of expectation classification (Low vs High) on m-opioid system activation. Left: expectation group effects (High > Low) on � in m-opioid BPND after placebo administration (P < 0.001, k > 10
voxels) were found in the DLPFC. Upper Right: regions effect of expectation group on � in m-opioid BPND after placebo administration in the DLPFC; lower right: no significant effect of expectations group on �
VAS ratings after placebo administration was found.

Fig. 2 Effect of expectations-effectiveness classification on placebo-induced � in average VAS
intensity ratings acquired over 20 min. Greater placebo effects were observed in those with a
positive prediction error signal (Low Expectations and High Effectiveness), whereas Lower placebo
effects were observed in those with a negative prediction error signal (High Expectations and Low
Effectiveness).
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and learning (OFC, ACC, amygdala and hippocampus). Among the

regions where expectation-outcome comparison group showed a sig-

nificant effect on opioid release during placebo administration, only

those that showed a significant correlation with behavioral placebo

responses (rostral, subgenual and dorsal ACC, THA, posterior

hippocampus and INS) were included in the model. The mediation

analysis confirmed that the expectation and outcome comparison

group effect on behavioral placebo responses using the total MPQ

(as a more comprehensive, integrative assessment of the individual

pain experience) is mediated by m-opioid release in the dACC. The

Fig. 3 Effect of Expectation� Effectiveness classification on m-opioid system activation. Left: significant effects of Expectation� Effectiveness comparisons on � in m-opioid BPND during placebo
administration were found in (P < 0.001, k > 10 voxels) in the left subgenual, rostral and dorsal anterior cingulate cortex (sgACC, rACC, dACC), the OFC bilaterally and the hippocampus/amygdala (AMYG)
bilaterally, the posterior hippocampus bilaterally, the left thalamus and the anterior insula bilaterally (INS). Upper right: effect of expectation-effectiveness comparisons on � regional in m-opioid BPND during
placebo administration in the dACC. Lower right: placebo-induced activation of m-opioid neurotransmission in the dACC was correlated with reductions in pain ratings after placebo administration as measured
by the change in MPQ total scores (MPQ: r¼ 0.4, P¼ 0.001).

Table 1 Effects of Expectation (Expect.)� Effectiveness (Effect.) comparisons on MPQ and VAS score changes after placebo administration

High Expect/
Low Effect (1)

Low Expect/
Low Effect (2)

High Expect/High
Effect(3)

Low Expect/High
Effect(4)

mean (s.d) mean (s.d) mean (s.d) mean (s.d) F Sig. Post hoca Mean diff. (s.e.) Sig.

Number of subject 7 19 13 9
Expectations 75.7� 14 24.2� 14.2 76.15� 13.1 43� 11.3 48.6 <0.001 4 > 1 �30.2� 6.7 <0.001

4 > 2 20.2� 5.4 0.003
4 > 3 �31.7� 5.8 <0.001
3 > 2 51.9� 4.8 <0.001
2 > 1 �51.5� 5.9 <0.001

Subjective effectiveness 18.5� 12.5 19.15� 14.57 75� 14.9 71.1� 11.4 61.4 <0.001 4 > 1 52.5� 6.9 <0.001
4 > 2 51.9� 6
3 > 1 56.4� 6.5
3 > 2 55.8� 5

� MPQ after placebo �5.5� 10 �0.4� 5.6 3.3� 8 10� 7.4 6.7 0.001 4 > 1 15.5� 3.7 0.001
4 > 2 10.3� 3 0.007

� VAS after placebo (0–20 min) �9� 14 0� 9.6 11� 11 22� 10 14.3 <0.001 4 > 1 31� 5 <0.001
4 > 2 22� 4.4 <0.001
3 > 1 21.1� 5.1 0.001
3 > 2 11.7� 4 0.028

aBonferroni correction.
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mean indirect effect (coeff.¼ 12.9) from the bootstrap analysis was

significant, with a 95% confidence interval excluding zero (0.08–3.16).

DISCUSSION

The present work suggests that a priori expectations are not sufficient

to explain the formation of placebo analgesic responses over a sus-

tained period of time, exemplified here as a 20 min experimental pain

model. Using this model, we observed a lack of significant relationships

between the level of expectations of pain relief and placebo-associated

reductions in pain ratings. Using objective neurochemical measures

acquired with PET, individuals with high expectations showed greater

m-opioid system activation in the DLPFC that were not associated with

placebo analgesic effects. These findings represent an apparent discrep-

ancy with classical theories where the formation of placebo responses is

dependent on the development of positive expectations. Conversely, a

learning mechanism defined by the discrepancy between expectations

and subjectively rated effectiveness was associated with placebo

analgesic responses, and with the activation of regional m-opioid

neurotransmission in a substantial number of regions implicated in

opioid-mediated antinociception (Zubieta et al., 2001) (ACC, OFC,

amygdala, hippocampus, THA, INS). The largest placebo responses

were observed in those with low expectations and high subjective

effectiveness (positive prediction error signal) whereas nocebo, hyper-

algesic responses, were observed in those reporting high expectations

and low reported effectiveness (negative prediction error signal). The

magnitude of m-opioid system activation in regions relevant to error

detection was further associated with placebo-induced analgesia, as

measured by the changes in momentary pain intensity VAS ratings

acquired throughout the study, and the more integrative MPQ ratings

acquired at the completion of the pain challenges. Moreover, our data

confirmed that the effect of expectation and outcome associations on

behavioral placebo responses is mediated by endogenous opioid release

and m-opioid receptor system activation in the dACC.

It has been classically postulated that placebo responses are gener-

ated mainly by two distinct mechanisms across clinical conditions, one

of which concerns expectations (Kirsch, 1985; Price and Barrell, 2000)

and the other one learning via classic Pavlovian conditioning (Ader

and Cohen, 1975; Wickramasekera, 1980; Voudouris et al., 1985,

1989). The relationship between these two is still unclear, but it has

been the subject of experimental research in recent years. Benedetti

et al. (2003) were able to show in both experimental pain and in

Table 2 Expectation� Effectiveness comparison group effect on regional opioid system activation during placebo administration

Whole brain Extracted regional peaks

High Expect/
Low Effect (1)

Low Expect/
Low Effect(2)

High Expect/
High Effect (3)

Low Expect/
High Effect (4)

Regional � m-opioid
BPND after placebo

H Coordinates Z Mean (S.E.M.) Mean (S.E.M.) Mean (S.E.M.) Mean (S.E.M.) F Sig. Post hoca Sig.

sgACC L �9 12 �18 4.43 �0.18� 0.05 �0.01� 0.03 0.15� 0.05 0.13� 0.08 6.6 0.001 4 > 1 0.006
3 > 1 0.002

rACC L � 15 39 �2 4.38 �0.08� 0.05 �0.07� 0.03 0.10� 0.04 0.12� 0.05 8.14 <0.001 4 > 1 0.025
4 > 2 0.003
3 > 1 0.031
3 > 2 0.003

dACC L � 15 33 31 3.56 �.0.06� 0.09 �0.01� 0.04 0� 0.04 0.21� 0.03 5 0.005 4 > 1 0.012
4 > 2 0.008
4 > 3 0.032

OFC L � 20 49 3 4.1 0.005� 0.06 �0.08� 0.03 0.07� 0.03 0.09� 0.04 5 0.003 4 > 2 0.009
3 > 2 0.015

ANT HIPP./AMY R 30 �5 �17 3.34 �0.32� 0.13 �0.01� 0.04 0.15� 0.05 0.13� 0.08 6.4 0.001 4 > 1 0.003
3 > 1 0.001
2 > 1 0.023

L �28 �8 �27 3.79 �.22� .04 �.07� .03 .06� .03 .01� .04 8.6 <.001 4 > 1 0.004
3 > 1 <0.001
3 > 2 0.031
2 > 1 0.05

POST HIPP. R 27 �27 �15 3.71 �0.18� 0.03 �0.05� 0.01 0.04� 0.04 �0.01� 0.02 9.1 <0.001 4 > 1 0.006
3 > 1 <0.001
3 > 2 0.035
2 > 1 0.02

L �28 �26 �3 4.32 �0.03� 0.05 �0.06� 0.02 0.13� 0.04 0.04� 0.07 4.5 0.007 3 > 2 0.005

THA L �12 �21 19 3.46 �0.27� 0.1 �0.14� 0.04 0.08� 0.04 0.10� 0.07 8.9 <0.001 4 > 1 0.002
4 > 2 0.014
3 > 1 0.001
3 > 2 0.01

INS R 53 �2 11 3.81 �0.14� 0.08 �0.06� 0.02 0.08� 0.02 �0.01� 0.03 5.7 0.002 3 > 1 0.003
3 > 2 0.014

L �33 12 �3 3.97 �0.05� 0.06 �0.06� 0.04 �0.01� 0.02 0.18þ 0.04 6 0.002 4 > 1 0.018
4 > 2 0.001
4 > 3 0.027

aBonferroni correction.
DMPFC and sgACC, rACC and dACC: subgenual, rostral and dorsal anterior cingulate; OFC: orbitofrontal cortex; Hipp.: hippocampus; AMY: amygdala; INS: insula; THA: thalamus; H: Hemisphere; L: left; R: right;
(S.E.M): standard error of the mean.
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Parkinson’s disease that expectations were critical for the formation of

placebo responses for measures observable or subjectively rated by the

volunteers (pain, motor function); however, unconscious processes,

such as hormonal secretion, were not affected by expectations alone,

but required conditioning. It has also been suggested that expectancies

acquired through verbal instructions might also be seen as condition-

ing stimuli that reactivate earlier stimulus associations (Klinger et al.,

2007). Here we show that more than positive expectations per se the

discrepancy between actual and predicted pain relief (prediction error

signal) plays an important role in the formation of placebo responses

suggesting a mechanism that might reconcile previous theories of the

placebo effect.

Growing evidence (Wager et al., 2004; Benedetti et al., 2006) high-

lights the critical role of the PFC in placebo effects during expectation

of analgesia. Individual differences in expectancy effects on pain and

the magnitude of neural responses to placebo treatment have consist-

ently engaged the DLPFC and the OFC, regions associated with cog-

nitive control and expected value computation (Wager et al., 2004;

Zubieta et al., 2005; Keltner et al., 2006; Kong et al., 2006) as well as

in cognitive and attention-related elements of the pain experience

(Wiech et al., 2008). Consistent with this line of research, we show

greater m-opioid neurotransmission in the DLPFC, but not the OFC,

during placebo administration when high expectations were present.

The OFC has been also involved with the update of the chosen value

(Feierstein et al., 2006), as was confirmed in our study. Furthermore,

the OFC has been hypothesized to carry essential information for as-

sociative learning regarding the value of expected rewards

(Schoenbaum et al., 2003; Takahashi et al., 2011). A large body of

literature has involved the ACC in detecting discrepancies between

actual and intended outcomes (Amador et al., 2000; Ito et al., 2003;

Matsumoto et al., 2007; Sallet et al., 2007), proving a signal to drive

learning as contingencies change (Behrens et al., 2007). In particular,

dACC is thought to be important linking reward-related information

to action (Williams et al., 2004; Sheth et al., 2012), monitoring for

conflict between competing responses (Carter et al., 1998; Botvinick

et al., 1999; Botvinick et al., 2004; Botvinick, 2007) or detecting the

likelihood of error commission (Carter et al., 1998; Brown and Braver,

2005) and outcome surprisingness (Hayden et al., 2011). Here, in add-

ition to confirming the engagement of the ACC in expectation and

outcome comparisons during placebo analgesia, we also show that

m-opioid neurotransmission in the dACC mediates the effect of such

comparisons on psychophysical placebo responses. An effect of expect-

ation and outcome comparison group was also found in the medial

temporal lobe (amygdala–hippocampal complex and parahippocampal

gyrus) and the thalamus. Much evidence links the amygdala and its

target, the basal forebrain, with surprise-based learning (Reiss et al.,

1982; Denis et al., 1983; Reiss and Szyszko, 1983). Moreover, the amyg-

dala plays a role in both acquisition and consolidation of cued-fear

associative learning (Reiss, 1973; Tashkin et al., 1977). The hippocam-

pus, which receives reward-related information from the amygdala and

OFC (Amaral and Cowan, 1980; Suzuki and Amaral, 1994), is also

engaged during expectation and outcome comparisons. This is con-

sistent with the role of this region computing an uncertainty signal

which may constitute a fundamental mechanism underlying the role of

the hippocampus in a number of functions, including attention-based

learning, associative learning, probabilistic classification and binding of

stimulus elements (Vanni-Mercier et al., 2009). Finally, the left dorsal

anterior insula, ipsilateral to the painful stimulus, showed the greatest

opioid release in those having low expectations and high effectiveness.

Consistent with these results, the dorsal anterior insula has been found

to be functionally connected to a set of regions previously described as

a cognitive control network (Dosenbach et al., 2007). In particular, the

dorsal anterior insula/dACC network has been involved in decision

making: activity in these regions has been shown to increase with

the degree of difficulty or uncertainty in a decision (Critchley et al.,

2001; Grinband et al., 2006; Thielscher and Pessoa, 2007).

Supporting the role of m-opioid neurotransmission in learning

mechanisms, rodent studies have shown that injection of m-opioid,

but neither d- nor k-opioid, antagonists into the amygdala can inhibit

the production of conditioned hypoalgesia (Bellgowan and

Helmstetter, 1998; Foo and Helmstetter, 1999). In humans, the role

of endogenous opioid neurotransmission in fear conditioning has been

demonstrated where blocking opioidergic neurotransmission via na-

loxone inhibited the development of conditioned hypoalgesia, leading

to more sustained responses to the unconditioned stimuli. Naloxone

also blocked processing in a conditioning-dependent anticipatory anti-

nociceptive network that includes areas with a high density of opioid

receptors including rACC, amygdala and PAG. Finally, naloxone led to

stronger conditioned responses and more sustained conditioning-de-

pendent activity in the amygdala (Eippert et al., 2008). On the other

hand, substantial evidence has directly related the activation of the

opioid system to placebo during expectations of analgesia (Kozel

et al., 1980; Zubieta et al., 2005; Wager et al., 2007; Scott et al.,

2008); however, its role in encoding expectation and outcome com-

parisons as it relates to placebo responses has not been described so far.

Consistently with the role of DA in prediction error signal (Schultz,

1998; Fiorillo et al., 2003; Tobler et al., 2005; Fiorillo et al., 2008), we

have previously shown that the introduction of a placebo during pain

anticipation was associated with the activation of DA neurotransmis-

sion and D2/D3 receptors in the NAc in a manner proportional to the

anticipated analgesic effects of the otherwise inert agent as well as with

the difference between anticipated and subjectively perceived effective-

ness of the placebo. Furthermore, the individual neural responses to

anticipated monetary rewards tracked the subjects’ expectations of

analgesia and deviations from those predictions (Scott et al., 2007).

Here, we extend those results by confirming that, in addition to the

role of the DA system in prediction error signal, the m-opioid system

appears to code for the emotional response to positive and negative

expectations and their comparison with observed outcomes in the

context of placebo administration. The opioid and DA systems are

closely related functionally and neuroanatomically (Di Chiara and

Imperato, 1988), which might be responsible for the role of these

two neurotransmitter systems in prediction error signaling. It could

also be hypothesized that whereas the DA system, represented subcor-

tically in the VTA-NAc projections, plays a role in anticipation of

placebo analgesia, the opioid system, represented cortically, plays a

greater role in expectation and outcome associations; this same

system, in subcortical regions such as the amygdala, THA and in

the INS, is centrally involved in stress and pain regulation (Zubieta

et al., 2001). This prediction error model has been previously

described in the context of expected value computation, in which

the magnitude of potential gains was represented subcortically by

the NAc, whereas correction for their future likelihood occurred

cortically in the mPFC (Knutson et al., 2003). Such a model has

anatomical feasibility, because tract-tracing studies indicate an as-

cending spiral of connectivity running from the ventral striatum to

the ventral prefrontal cortex and back to more dorsal aspects of the

striatum and prefrontal cortex, before terminating in motor pathways

(Haber, 2003).

One potential limitation of the study is that the effects of expect-

ations and expectation and outcome comparisons on placebo-induced

m-opioid system activation could be due to differences in endogenous

opioid release during pain, which could only be tested in the presence

of a baseline scan. However, this is unlikely, given that no significant

differences between groups were observed when the pain condition was
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compared with the control condition (which differed from the pain

condition only in the painful stimulus).

The results presented here confirm that whereas expectations of

clinical improvement have been suggested as a mechanism for the

development of placebo analgesia, comparisons between expected

and observed outcomes seem to be a better predictor of a sustained

placebo analgesic effect, here observed over a 20 min experimental

period. Moreover, we highlight the novel role of the m-opioid system

in the regulation of the placebo prediction error signal in the dACC

and aid the elucidation of molecular and neural mechanisms under-

lying the influence of expectation-effectiveness associations on the

formation of placebo analgesic responses. These results provide a

mechanism through which classical theories of placebo analgesia

(expectation vs conditioning) can be reconciled and shed light on in-

dividual differences in reward learning and decision-making processes.

Expectation and outcome comparisons then emerge as a cognitive

mechanism that beyond reward-associations is likely to facilitate the

formation and sustainability of placebo responses over time, an effect

frequently observed in the context of clinical trials.
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