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Abstract

Placebo treatments reliably reduce pain in the clinic and in the lab. Because pain

is a subjective experience, it has been difficult to determine whether placebo

analgesia is clinically relevant. Neuroimaging studies of placebo analgesia

provide objective evidence of placebo-induced changes in brain processing

and allow researchers to isolate the mechanisms underlying placebo-based

pain reduction. We conducted formal meta-analyses of 25 neuroimaging studies

of placebo analgesia and expectancy-based pain modulation. Results revealed

that placebo effects and expectations for reduced pain elicit reliable reductions

in activation during noxious stimulation in regions often associated with pain

processing, including the dorsal anterior cingulate, thalamus, and insula. In

addition, we observed consistent reductions during painful stimulation in the

amygdala and striatum, regions implicated widely in studies of affect and

valuation. This suggests that placebo effects are strongest on brain regions

traditionally associated with not only pain, but also emotion and value more

generally. Other brain regions showed reliable increases in activation with

expectations for reduced pain. These included the prefrontal cortex (including

dorsolateral, ventromedial, and orbitofrontal cortices), the midbrain surrounding

the periaqueductal gray, and the rostral anterior cingulate. We discuss

implications of these findings as well as how future studies can expand our

understanding of the precise functional contributions of the brain systems

identified here.
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For decades, the public and scientific community have been well aware of the

“powerful placebo effect” (Beecher 1955). However, many scientists and laypeople

alike still think placebo effects represent false improvement, or changes in subjec-

tive reports without “real” (viz., clinically or functionally meaningful) changes in

objective symptoms. Placebo analgesia, or placebo-based pain reduction, provides

a particularly unique challenge to researchers seeking to determine whether

placebos cause functionally and/or neurobiologically significant changes, as pain
itself is subjective and psychological. When someone says she is in pain, how do we

evaluate whether she is telling the truth? To do this, we need reliable biological

markers linked to pain processing. Brain imaging techniques have provided a

powerful way to assess placebo effects, and to understand how they influence

pain reports. Today, researchers can conduct carefully controlled studies of

placebo-related changes in the brain, and test whether placebos cause changes in

early nociceptive pathways (Eippert et al. 2009b; Geuter and Buchel 2013),
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understand the neurochemical bases underlying placebo effects (Scott et al. 2008;

Wager et al. 2007b; Zubieta et al. 2005), and determine the brain changes that are

associated with placebo-induced changes in subjective pain (Wager et al. 2011).

To date, over 40 neuroimaging studies have been published on placebo effects.

Here, we provide a summary of the most consistent findings across studies in

relation to theories of the biological causes and effects of placebo treatment. We

present a formal meta-analysis of 25 studies that measured placebo effects and

related expectancy effects on brain responses using functional magnetic resonance

imaging (fMRI) and positron emission tomography (PET). We report the brain

regions that show consistent placebo-induced reductions in pain-related processing

during noxious stimulation, which provides information on how placebos affect the

systems thought to generate and regulate pain, and may provide clues about how

psychological context informs the construction of pain in the central nervous

system. We also summarize brain circuits that show increases in activation with

placebo treatment, which can inform us both about pain-modulatory mechanisms

and about the neurobiological underpinnings of expectations and beliefs more

broadly. We then discuss limitations in our current knowledge and how to address

some of the outstanding questions in future work.

1 Biological Mechanisms of Placebo Analgesia

The first evidence that placebo analgesia depends on biological mechanisms was

published in 1978. Levine et al. (1978) showed that the opioid antagonist naloxone

abolished placebo effects on pain, suggesting that placebo analgesia depends on

endogenous opioid release. In 2002, Petrovic et al. (2002) published the first

neuroimaging study of placebo analgesia. Using PET imaging, they compared

placebo analgesia with opioid analgesia produced by the μ-opioid agonist

remifentanil. They showed that the effects of endogenous placebo-based opioids

and exogenous drug-based opioids overlapped during pain processing: Both caused

increases in glucose metabolism in the same brain region, the rostral anterior

cingulate cortex (rACC). The first fMRI study of placebo analgesia was conducted

in 2004 (Wager et al. 2004). This study showed that placebo administration caused

increases during pain anticipation in the lateral and medial prefrontal cortex,

including rACC, and also that it caused activity decreases during pain in a subset

of regions traditionally associated with pain processing, including the dorsal ante-

rior cingulate cortex (dACC), insula, and thalamus. Later studies measured fMRI

responses in the spinal cord and found that spinal responses to pain are reduced with

placebo (Eippert et al. 2009b) and increased with nocebo (a “negative placebo”

associated with expectations of increased symptoms; Geuter and Buchel 2013).

Spinal changes provide evidence for placebo effects on ascending nociceptive

signals, before cortical processing. Together, these neuroimaging studies of placebo

provide evidence that not only does placebo cause real biological changes, but that

placebos actually change responses to noxious stimuli in the central nervous system

in ways that are relevant to pain experience.
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2 Advantages of Meta-analyses of Expectancy-Based Pain
Modulation

Clearly, our ability to observe the neural processes associated with placebo analge-

sia provides a new, and potentially strong, test of whether placebo effects cause

“real” changes. Many cortical and subcortical brain regions have been implicated in

individual studies of placebo analgesia and other forms of expectancy-based pain

modulation. But findings from a given study can reflect either (a) fundamental

mechanisms that support all instances of placebo analgesia or (b) idiosyncratic

effects of that study’s unique context and design. The best way to differentiate the

former from the latter is to collapse across individual studies and identify

commonalities using meta-analysis.

To elaborate, while placebo paradigms generally involve similar experimental

paradigms (see Fig. 1), individual studies also vary substantially, not only as a

function of technical details (e.g., sample size, fMRI scanner strength, acquisition

parameters) but also in important experimental features. Studies vary in the type of

pain they induce: Many apply noxious heat (Eippert et al. 2009a; Kong et al. 2009b;

Wager et al. 2004, 2007b), some use lasers (Bingel et al. 2004; Lui et al. 2010), and

others measure pain in patient populations (Harris et al. 2009; Lieberman

et al. 2004; Price et al. 2007). Different pain modalities are associated with different

effects in the brain (Baumgartner et al. 2010; Friebel et al. 2011), and different

modalities may show different activity patterns and placebo responses (Liberman

1964). Likewise, studies differ in the type of pain they measure: Some ask

participants to judge pain intensity (Keltner et al. 2006), while others also measure

pain unpleasantness (Zubieta et al. 2005). Studies test different types of placebos,

including topical ointments (Eippert et al. 2009a; Geuter et al. 2012; Wager

et al. 2004), sham electrical stimulation (Lui et al. 2010), and sham acupuncture

Fig. 1 Typical neuroimaging placebo paradigm. In a typical placebo study, participants are given

an inert treatment (e.g., a topical cream) along with verbal instructions (e.g., “This is a potent

analgesic”) that induce expectations for pain relief. This is compared to a control condition—the

same inert substance without expected pain relief. To reinforce verbal instructions, the placebo is

paired with reduced stimulus intensity during an associative learning, or conditioning, phase.

Finally, participants go through neuroimaging testing during a test phase during which the same

stimuli are administered under both control and placebo conditions and experimenters test whether

pain reports and brain responses are modulated by beliefs about treatment
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(Kong et al. 2006). Individuals hold different beliefs about the efficacy of various

treatments as a result of cultural influences and previous experiences (Barrett

et al. 2006), and different placebos can induce slightly different effects (de Craen

et al. 2000; Kaptchuk et al. 2000); therefore, each type of placebo might even be

linked to unique mechanisms. Many other experimental features vary across

experiments: whether a study combines verbal suggestions and conditioning to

induce expectations about the placebo treatment (Lee et al. 2012; Wager

et al. 2004) or uses verbal suggestion alone (Price et al. 2007), whether noxious

stimuli vary in intensity (Atlas et al. 2010, 2012; Study 1 in Wager et al. 2004) or

remain constant during a test phase (Lui et al. 2010; Study 2 in Wager et al. 2004;

Wiech et al. 2010), and whether test stimuli are cued (Lui et al. 2010; Wager

et al. 2004) or uncued (Kong et al. 2006). These experimental differences are

clearly substantial, and therefore we need a way to identify brain responses that

are consistent across these different experimental choices. Ultimately, with more

and larger studies, we will understand more about the impact of these choices on

brain placebo responses; for now, however, we focus on commonalities across

studies and one distinction that is particularly highly powered—manipulations of

treatment expectancies vs. stimulus expectancies—because there are a number of

studies of each type.

Meta-analysis provides a way to combine individual experiments and determine

which brain responses are consistently implicated across studies. Voxel-wise

coordinates of individual contrasts from individual studies are added together and

compared to random permutations to identify the regions that are consistently

activated by a given psychological process (see Kober and Wager 2010 or Wager

et al. 2007a for review). To our knowledge, three published meta-analyses of

placebo analgesia exist to date. Amanzio et al. (2011) used Activation Likelihood

Estimation (ALE; Eickhoff et al. 2009) to conduct a formal meta-analysis of

11 placebo studies (9 fMRI, 2 PET) and separately analyzed brain responses during

pain anticipation and during noxious stimulation. We chose to combine placebo-

induced increases in activation during pain anticipation with increases during

noxious stimulation, as both reflect modulatory mechanisms. Our study also

expands on this work by incorporating three more years of prolific neuroimaging

research on placebo and expectancy—increasing the number of relevant studies

from 11 to 25—and by using multilevel kernel density analysis (MKDA) instead of

ALE. In brief, though ALE and MKDA now produce similar results, MKDA

focuses on the distribution of statistical contrast maps rather than the distribution

of peak coordinates alone, which ensures that studies that report many peaks in a

location are not overrepresented (see Wager et al. (2007a) for a more thorough

discussion of the relationship between MKDA and other meta-analytic approaches,

including ALE). Two other more recent publications have reported qualitative
meta-analyses, focusing on regions that are activated by three or more studies

(Meissner et al. 2011; Wager and Fields 2013). These reports included both

contrasts between placebo and control as well as brain–behavior correlations.

Correlations are extremely useful in establishing links between brain activity and

pain, but they do not isolate causal effects of placebo on brain responses. The meta-
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analysis presented here extends this work by applying quantitative meta-analysis,

by focusing only on contrasts rather than correlations with behavior, and by

acknowledging different forms of expectancy-based pain modulation.

We performed meta-analyses on 25 neuroimaging studies that manipulated and

measured placebo analgesia and expectancy-based pain modulation during brain

imaging with fMRI or PET (see Table 1). The studies varied in the experimental

dimensions listed above, but all studies compared one condition that induced

expectations for pain relief (e.g., placebo administration or a cue predictive of

low intensity) with a second control condition, in which the physical treatment or

stimulus was identical but there was no expectation for relief. We focused on

contrasts between these conditions, rather than correlations with behavior or

analyses of responders vs. nonresponders, as contrasts allow for stronger inferences

on causal effects of placebo administration.

In our first meta-analysis, we combined (1) studies that manipulated

expectations about treatments and tested responses to inert treatments (placebo

and nocebo studies), (2) studies that manipulated expectations about treatments and

tested responses during actual treatments (open-hidden paradigms), and (3) studies

that manipulated expectations about noxious stimulus intensity (cue-based expec-

tancy studies). All of these are types of placebo manipulations in that they manipu-

late the psychological context—usually a combination of instructions and prior

experiences—and all elicit more positive expectations in the placebo condition than

a matched control condition with the same physical testing conditions. This primary

analysis isolates the brain mechanisms that show consistent increases with

expectations about pain, and the brain regions whose pain-evoked activation is

influenced by expectations. As a secondary analysis, we separated studies that

manipulated expectations about treatments from those that measured expectations

about stimuli. This analysis summarizes whether different types of expectations

about pain rely on similar or different mechanisms.

3 Methods

3.1 Study Selection and Coordinate Identification

Forty neuroimaging studies of expectancy-based pain modulation were identified

using literature searches in PubMed and Google Scholar, the authors’ personal

libraries, and examining references of relevant papers. We included only studies

that (1) used experimental manipulations to induce pain relief; (2) reported formal

comparisons (i.e., subtraction-based contrasts) between experimental and control

conditions; and (3) reported voxel-wise results in either Montreal Neurological

Institute (MNI) or Talairach/Tournoux coordinates. Brain–behavior correlations

and ROI-wise analyses were not included in the meta-analysis in order to isolate

the direct effects of experimental manipulations on brain responses.

Of the 40 studies originally identified, 25 studies met our criteria (see Table 1).

Seventeen of these studies manipulated expectations using placebo manipulations,
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five manipulated expectations using cue-based information about stimulus inten-

sity, and three measured expectancy effects during drug treatment using open-

hidden administration paradigms. We divided the analyses and results into

expectancy-related reductions (e.g., reduced activation with placebo vs. control

during pain) or expectancy-related increases (e.g., increased activation with pla-

cebo vs. control during anticipation or pain). Our analysis of expectancy-related

reductions included only contrasts that focused on brain responses during noxious

stimulation, as this identifies regions in which pain processing is modulated by

expectancy. However, because pain is thought to be influenced by both preparatory

processes and modulation during stimulation, our analysis of expectancy-related

increases includes contrasts of activation during both anticipation and stimulation

periods. Our meta-analysis of expectancy-related increases also included PET

studies that reported reductions in μ-opioid receptor (MOR) tracer binding (consis-

tent with increases in endogenous MOR binding), as MORs comprise one well-

supported mechanism of expectancy-based pain modulation.

We extracted peak voxel coordinates from relevant contrasts, and used the

Tal2MNI algorithm (Matthew Brett; http://imaging.mrc-cbu.cam.ac.uk/imaging/

MniTalairach) to convert Talaraich coordinates to MNI space. We identified

358 peaks from 61 contrasts in 25 studies (see Fig. 2). Some studies reported

Fig. 2 Meta-analysis 1: expectancy-based pain modulation. (a) Peaks included in a meta-analysis

of expectancy-based reductions during pain. (b) Brain regions that showed reliable reductions

during placebo administration and expectations for reduced pain (see Table 3). (c) Peaks included
in meta-analysis of modulatory increases during pain. (d) Regions that showed consistent

increases during anticipation or pain stimulation with expectations for reduced pain (see Table 4)
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both voxel-wise reductions and increases, while others reported effects in only one

direction (see Table 1). Table 2 provides detail on the number of peaks, contrasts,

and studies included in each meta-analysis.

3.2 Analysis

We performed meta-analyses with MKDA, which summarizes the number of

contrasts that activated in the local vicinity (here, within 15 mm) of each voxel in

the brain, and uses Monte Carlo simulations to identify regions that are activated

more frequently than would be expected by chance. The MKDA approach is

described in detail in Wager et al. (2007a, 2009). Peak activations for each contrast

were convolved with a spherical smoothing kernel with a 15-mm radius and a

weighted average (with weights based on the square root of the sample size) of

these was used to generate an activation frequency map. The map was thresholded

at p< 0.05 family-wise error rate corrected across the whole brain using the

maximum null hypothesis activation frequency from each of 5,000 Monte Carlo

simulations. The null hypothesis was a random uniform distribution of activation

peaks throughout gray matter, which was simulated by permuting the peak

locations for each contrast and recalculating the activation frequency map for

each iteration. Voxels that survived correction are reported below. We conducted

six separate meta-analyses: (1) expectancy-induced reductions in activity (com-

bined across stimulus and treatment expectancy); (2) Expectancy-induced

increases; (3) treatment expectancy-induced reductions (placebo analgesia);

(4) treatment expectancy-induced increases; (5) stimulus expectancy-induced

reductions (cue-based manipulations that show assimilation toward expectations);

and (6) stimulus expectancy-induced increases (cue-based manipulations that show

contrast away from expectations, e.g., increased activation with expectation for

reduced pain).

Table 2 Meta-analysis details

Meta-analysis

Number of individual

studies included

Number of

contrasts

Number of peak

coordinates

Decreases during pain: all

paradigms

16 27 171

Decreases during pain: placebo

studies

8 16 83

Decreases during pain: stimulus

expectancy studies

5 6 56

Increases: all paradigms 19 34 187

Increases: placebo studies 13 26 122

Increases: stimulus expectancy

studies

3 4 43
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4 Results

4.1 Meta-analyses 1 and 2: Expectancy-Based Pain Modulation

This analysis combines across three standard types of experimental manipulations

that all induce expectations about pain, either through placebo manipulations, pain-

predictive cues, or open information about drug delivery. Included studies and

contrasts are listed in Tables 1 and 2. The results reported below and in Tables 3

and 4 incorporate both height-corrected results (FWE-corrected p< 0.05) and

spatial extent-corrected results (cluster-corrected p< 0.001).

4.1.1 Expectancy-Induced Reductions During Noxious Stimulation
As shown in Fig. 2b, experimentally manipulated expectations for reduced pain

were associated with consistent decreases in activation during noxious stimulation

in bilateral anterior insula, bilateral middle insula, left posterior insula, bilateral

thalamus, bilateral amygdala, dorsal anterior cingulate (dACC), and bilateral lateral

prefrontal cortex (see Table 3).

4.1.2 Expectancy-Induced Increases During Noxious Stimulation
Experimentally manipulated expectations for increased pain were associated with

modulatory increases in medial and lateral orbitofrontal cortex (OFC), right ante-

rior prefrontal cortex/superior orbital gyrus, pregenual/rostral ACC (pgACC),

rostrodorsal ACC, left ventral striatum, left anterior insula, and midbrain

surrounding the periacqueductal gray (PAG; see Fig. 2d and Table 4).

4.2 Meta-analyses 3 to 6: Stimulus Expectancies Versus
Treatment Expectancies

We performed separate meta-analyses for studies that manipulated placebo-based

expectations about treatments and those that manipulated expectations about

stimuli on a trial-by-trial basis using conditioned cues (see Tables 1 and 2 for

details). We then performed direct contrasts between these two forms of

expectancy-based modulation to identify any regions that are differentially

modulated by each form of expectancy. The results reported below and in Tables 5,

6, and 7 incorporate both height-corrected results (FWE-corrected p< 0.05) and

spatial extent-corrected results (cluster-corrected p< 0.001).

4.2.1 Placebo-Induced Reductions During Noxious Stimulation
As shown in Fig. 3a and reported in Table 5, placebo-induced expectations for

reduced pain were associated with consistent reductions during noxious stimulation

in bilateral anterior insula, left middle insula, left posterior insula, dACC, bilateral

medial thalamus, bilateral amygdala, and right lateral prefrontal cortex.
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4.2.2 Stimulus Expectancy-Induced Reductions During Noxious
Stimulation

We found no regions that showed consistent increases in response to cue-based

expectations for reduced pain. This is likely due to the small number of studies

included in this analysis (5 contrasts from 3 studies; see Table 2).

Table 3 Meta-analysis 1: reductions during paina

Name x y z Voxels

Studies

active

(%)

Height-corrected

FWE p< 0.05

Left amygdala �24 �4 �8 60 37.73

Insula, L middle �38 8 �2 63 37.25

Insula, L posterior �36 �10 0 233 44.42

�38 �6 10 26 44.42

Insula, L dorsal posterior/

rolandic operculum/OP4

�48 �10 12 5 25.64

SII, L (rolandic operculum/

OP1)

�46 �22 14 4 27.28

Insula, R middle 44 10 �2 3 25.61

44 6 10 48 29.13

Putamen, L �30 �18 8 12 27.53

Thalamus, L (premotor) �14 �18 �2 109 40.1

Extent-corrected

p< 0.001

SMA, L �8 0 46 137 25.07

Cingulate, L middle 0 �2 40 559 25.07

Thalamus, L �12 �22 12 346 32.44

Rolandic operculum, L �50 4 10 110 34.22

Thalamus, L �6 �10 6 41 27.35

Thalamus, medial 0 �24 8 45 27.11

Superior temporal gyrus, L

(TE 1.0)

�42 �20 4 257 30.73

Insula, L middle �44 �4 �2 216 39.52

Pallidum, L �26 �12 0 176 50.18

Insula, L �36 �20 �4 96 35.35

Hippocampus, L �34 �8 �12 197 38.05

�22 �14 �16 68 24.62

Superior temporal gyrus, L �42 2 �14 207 22.97

Insula, R middle/rolandic

operculum (OP4)

52 �6 12 88 21.14

34 8 6 153 37.06

52 0 4 209 24.59

42 �6 6 234 24.59

Putamen, R 30 0 �6 138 41.42

Amygdala, R 28 �6 �14 91 21.72

30 4 �16 120 19.6
aThis table reports clusters and contiguous subclusters corresponding to Fig. 2b
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4.2.3 Placebo-Induced Increases During Noxious Stimulation
Placebo-induced expectations for reduced pain were associated with consistent

increases in activation during noxious stimulation in medial OFC, right lateral

OFC, pgACC, right anterior prefrontal cortex, bilateral dorsolateral prefrontal

Table 4 Meta-analysis 2: modulatory mechanisms/expectancy-induced increasesa

Name x y z Voxels

Studies

active

(%)

Height-corrected

FWE p< 0.05

mOFC/sgACC �8 38 �10 89 33.75

pgACC, medial �10 28 0 178 34.45

4 40 0 96 49.56

�2 36 10 524 52.58

pgACC, R �8 40 0 267 40.89

6 44 14 362 39.19

Insula, L anterior �40 20 2 692 28.7

Anterior PFC/superior

orbital gyrus, R

28 54 �4 4 22.8

IFG pars triangularis, L

(latPFC)

�46 18 18 4 22.33

Extent-corrected

p< 0.001

DLPFC, R (middle frontal

gyrus)

42 20 36 409 27.07

36 26 30 71 20.3

rdACC, R 2 32 20 120 38.58

12 40 22 48 28.02

12 26 12 102 24.97

rdACC, L �10 34 16 138 25.12

�2 24 14 102 28.43

Insula, L anterior �28 24 6 130 30.07

�36 16 �8 233 25.62

�34 12 8 52 26.35

pgACC �14 44 8 63 32.84

Inferior frontal gyrus, pars

triangularis (BA 45)

�50 18 6 69 26.35

�42 32 2 125 26.35

sgACC 8 28 0 79 36.14

2 16 �6 160 22.79

Caudate/ventral striatum, L �10 10 �2 207 23.89

Ventral striatum, R 2 0 �4 86 18.91

Ventral striatum/globus

pallidus, L

�8 �2 �4 157 24.85

Ventral striatum, L �14 10 �12 209 31.67

Ventral striatum/sgACC/

olfactory cortex

�2 8 �12 336 26.39

Inferior frontal gyrus, pars

orbitalis

�32 28 �6 82 31.2

�48 26 �6 50 28.7
aThis table reports clusters and contiguous subclusters corresponding to Fig. 2d
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cortex, ventral striatum, left thalamus, and midbrain surrounding PAG (see Fig. 4a

and Table 6).

4.2.4 Stimulus Expectancy-Induced Increases During Noxious
Stimulation

Cue-based expectations for reduced pain were associated with consistent increases

in left anterior prefrontal cortex and left superior parietal lobule/angular gyrus (see

Fig. 4b and Table 7).

4.2.5 Treatment Expectancy Effects Versus Stimulus Expectancy
Effects

A formal comparison of treatment expectancy studies and stimulus expectancies

revealed that treatment expectancies were significantly more likely to reduce

activation in left insula (anterior, middle, and posterior insula; see Fig. 3b and

Table 8). There were no regions that showed reductions unique to stimulus expec-

tancy, which is unsurprising given that the meta-analysis revealed no common

reductions in the few studies included. We also examined differences in

expectancy-related increases (regions that showed increases with placebo adminis-

tration, showed greater activation following stimulus expectancy cues that predict

low pain, or showed reductions with cues that predict high pain). We found that

treatment expectancies were associated with larger increases in ventromedial pre-

frontal cortex (VMPFC), PAG, dorsomedial prefrontal cortex, left ventral striatum,

pgACC, sgACC, left lateral prefrontal cortex, and left thalamus than stimulus

Table 5 Meta-analysis 3: placebo-induced reductions during paina

Placebo-induced

reductions Name x y z Voxels

Studies

active

(%)

Height-corrected

FWE p< 0.05

Insula, L anterior �38 �2 �16 60 31.67

�44 �4 �8 95 31.67

�42 �18 2 65 32.62

Insula, L middle �36 �10 �4 153 46.35

�34 4 �4 249 49.83

�40 �6 6 310 49.83

Extent-corrected

p< 0.001

dpIns, L (OP4)/Heschl’s

gyrus

�48 �16 10 141 36.1

Insula, L anterior (BA44) �42 10 2 82 36.92

Putamen, L �26 �12 2 66 53.69

Putamen, L, contiguous

with L anterior insula

�30 14 �2 241 33.44

Amygdala, L �26 �6 �10 159 39.01

Amygdala, L, contiguous

with L putamen

�26 4 �12 161 26.1

Insula, L anterior �38 8 �14 141 31.67
aThis table reports clusters and contiguous subclusters corresponding to Fig. 3a
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Table 6 Meta-analysis 4: placebo-induced increasesa

Name x y z Voxels

Studies

active (%)

Height-corrected

FWE p< 0.05

pgACC, L �8 34 �6 399 43.47

�2 40 0 415 56.31

�12 28 4 108 37.84

�4 32 10 340 50.09

�4 42 12 223 50.68

pgACC, R 4 38 18 76 40.54

Ventral striatum, L �6 6 �8 22 23.95

�8 �2 �2 33 28.78

Inferior frontal gyrus,

pars triangularis, L

�46 24 0 151 25.46

Insula, L anterior �38 18 2 498 25.46

rdACC, R 6 28 24 10 23.1

Extent-corrected

p< 0.001

Midbrain surrounding

the PAG

0 �32 �12 482 16.76

Midbrain, contiguous

with thalamus

�6 �20 �4 313 21.6

mOFC (mid orbital

gyrus)

�2 26 �14 147 26.2

mOFC, L (rectal gyrus) �6 36 �16 60 28.5

sgACC 0 20 �6 202 26.02

4 34 �8 193 36.76

rACC 2 22 8 84 41.04

12 24 12 38 16.3

10 44 12 259 44.21

VMPFC, L �12 46 �10 14 16.42

Insula, L anterior �38 18 �10 92 18.21

�40 10 �4 68 18.21

�30 28 �2 99 25.46

�40 32 2 103 25.46

Inferior frontal gyrus,

pars triangularis, LL

�40 24 12 364 32.87

aThis table reports clusters and contiguous subclusters corresponding to Fig. 4a

Table 7 Meta-analysis 6: stimulus expectancy-induced increasesa

Stimulus expectancy-

induced increases Name x y z Voxels

Studies

active (%)

Height-corrected FWE

p< 0.05

Angular gyrus,

L/IPC (PFm)

�40 �60 46 319 81.66

Angular gyrus,

L/IPC (PGa)

�48 �60 36 158 81.66

Superior frontal

gyrus, L (aPFC)

�16 66 10 131 81.66

Extent-corrected

p< 0.001

None

aThis table reports clusters and contiguous subclusters corresponding to Fig. 4b
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Fig. 4 Modulatory increases: treatment expectancies vs. stimulus expectancies. (a) Brain regions
that showed reliable increases prior to or during placebo analgesia (see Table 6). (b) Brain regions
that showed reliable increases as a function of stimulus expectancy (i.e., increased activity with

expectation for reduced pain; see Table 7). (c) Differences between placebo analgesia and stimulus

expectancy-induced increases (placebo analgesia > stimulus expectancies; see Table 8). (d)
Regions that showed larger increases with stimulus expectancy than placebo analgesia (see

Table 9)

Fig. 3 Decreases: treatment expectancies vs. stimulus expectancies. (a) Brain regions that

showed reliable reductions during placebo analgesia (see Table 5). (b) Differences between

placebo analgesia and stimulus expectancy-induced reductions (placebo analgesia> stimulus

expectancies; see Table 8). Left anterior insula was significantly more likely to show reductions

with placebo analgesia than with stimulus expectancies
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expectancies (see Fig. 4c and Table 9). Stimulus expectancies were more likely to

activate left anterior prefrontal cortex, left superior parietal lobule, and the cerebel-

lum (see Fig. 4d). We note that these differences should be considered tentative and

exploratory, as the number of placebo studies far outweighed the number of

stimulus expectancy studies included.

Table 8 Contrast A: expectancy-induced reductions during paina

Placebo-induced

reductions >
stimulus

expectancy-

induced

reductions Names x y z Voxels

Placebo

studies

active

(%)

Stimulus

expectancy

studies

active (%)

Height-corrected

FWE p< 0.05

Insula, L

anterior

�32 12 �6 7 33.44 0

Insula, L

posterior/

rolandic

Operculum

(OP3)

�42 �10 12 76 36.1 0

Insula, L

posterior/

superior

temporal

gyrus

(TE 1.0)

�44 �18 0 38 32.62 0

Insula, L

middle

�42 �8 2 173 49.83 27.04

Insula, L

posterior/

superior

temporal

gyrus

�42 �2 �12 151 39.01 0

Extent-corrected

p< 0.001

Rolandic

operculum,

L (OP4)

�52 �2 14 86 26.21 0

Amygdala,

L

�26 4 �10 142 26.1 0

Stimulus
expectancy-
induced
reductions >
placebo-induced
reductions

Height-corrected

FWE p< 0.05

None

Extent-corrected

p< 0.001

None

aThis table reports clusters and contiguous subclusters corresponding to Fig. 3b
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Table 9 Contrast B: expectancy-induced increasesa

Placebo-induced

increases >
stimulus

expectancy-

induced

increases Name x y z Voxels

Placebo

studies

active

(%)

Stimulus

expectancy

studies

active (%)

Height-corrected

FWE p< 0.05

DMPFC 4 42 24 1 23.17 0

rdACC 6 28 24 10 23.1 0

Inferior

frontal

gyrus, pars

triangularis,

L (BA44)

�46 16 6 88 25.46 0

Ventral

striatum, L

�8 �2 �2 33 28.78 0

Ventral

striatum, L

�6 6 �8 22 23.95 0

pgACC, L �10 42 10 141 43.56 0

�4 32 10 360 54.35 0

�12 26 2 153 37.84 0

�6 38 �4 474 52.05 0

Extent-corrected

p< 0.001

Midbrain

surrounding

the PAG

2 �32 �14 274 16.76 0

�4 �24 �6 518 21.6 0

mOFC (mid

orbital

gyrus, L)

0 26 �14 73 26.2 0

0 46 �6 33 32.38 0

�10 48 �10 9 16.42 0

sgACC 4 34 �8 190 28.18 0

0 20 �6 195 26.02 0

WM_rACC 2 22 10 82 41.04 0

12 24 12 27 16.3 0

Inferior

frontal

gyrus, pars

triangularis,

L (BA 45)

�52 22 0 33 25.46 0

�44 26 12 272 32.87 0

(continued)
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5 Discussion

We used formal meta-analysis to examine the brain mechanisms associated with

placebo- and expectancy-based pain modulation, as identified by 25 neuroimaging

studies published between 2002 and 2013. Relative to control conditions,

expectations for pain reduction were associated with widespread reductions in

brain responses during painful stimulation, with decreases in dACC, insula, thala-

mus, amygdala, striatum, and lateral prefrontal cortex. Expectations for reduced

pain were also associated with increases in activation prior to and during noxious

stimulation in a number of regions, including dorsolateral and ventromedial pre-

frontal cortex, rostral anterior cingulate cortex, the midbrain surrounding the PAG,

left anterior insula, and the striatum. These regions reveal the most reliable neural

mechanisms underlying placebo analgesia and expectancy-based pain modulation,

and they can serve as regions of interest in future studies designed to directly isolate

their specific contributions. In addition, we observed initial support for separate

mechanisms underlying placebo-based treatment expectancy effects and stimulus

expectancy effects, though results should be considered tentative. In this final

Stimulus

expectancy-

induced

increases >
placebo-induced

increases Name x y z voxels

Placebo

studies

active

(%)

Stimulus

expectancy

studies

active (%)

Height-corrected

FWE p< 0.05

Inferior

parietal

lobule, L

(IPC (Pga))

�40 �58 54 50 0 81.66

Angular

gyrus, L

(IPC (PFm))

�38 �60 44 192 0 81.66

Angular

gyrus, L

(IPC (Pga))

�46 �62 34 84 0 81.66

Superior

frontal

gyrus, L

(aPFC)

�16 66 10 117 0 81.66

Extent-corrected

p< 0.001

Cerebellum,

R

4 �86 �28 198 0 62.2

16 �82 �30 325 0 80.54

8 �74 �32 386 0 80.54

2 �82 �38 198 0 80.54

12 �88 �40 158 0 62.2

14 �76 �42 202 0 80.54
aThis table reports clusters and contiguous subclusters corresponding to Fig. 4c, d
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section, we discuss these networks from the standpoint of cognitive and affective

neuroscience, and we address outstanding questions that future studies can address.

5.1 Placebo Effects on Brain Regions Traditionally Associated
with Pain Processing

We observed consistent reductions in dACC, bilateral insula, and thalamus, a subset

of the regions that are most reliably activated by noxious stimulation (Duerden and

Albanese 2011; Apkarian et al. 2005; Friebel et al. 2011; Peyron et al. 2000; Wager

et al. 2013). Interestingly, secondary somatosensory cortex (SII) and dorsal poste-

rior insula (dpIns) are conspicuously absent (although we saw left posterior insula

when we collapsed across stimulus and treatment expectancy). SII and dpIns are

most consistently and specifically activated by noxious stimuli in neuroimaging

studies (Kross et al. 2011; Peyron et al. 2000), are thought to support pain’s sensory

components (Maihöfner et al. 2006), and were recently shown to be the only

cortical regions in which intracranial stimulation can produce a sensation of pain

(Mazzola et al. 2011).

Why might we see this distinction? Is this evidence that placebo analgesia does

not alter the earliest levels of processing? We believe that the absence of SII and

dpIns reductions in our analysis does not imply that early nociceptive processing is

unaltered during placebo analgesia. First, we know from individual studies that

placebo analgesia and nocebo hyperalgesia can influence spinal nociceptive

reflexes and spinal responses to noxious stimuli (Eippert et al. 2009b; Goffaux

et al. 2007; Matre et al. 2006; Geuter and Buchel 2013) which reveals that placebo

can alter pain processing before ascending nociceptive signals even reach cortex.

Second, behavioral investigations indicate that placebo alters both pain intensity

and unpleasantness ratings (De Pascalis et al. 2002; Price et al. 1999), although

early psychophysical investigations that used signal detection theoretic analyses

suggested that placebo altered response biases without altering sensory discrimina-

tion (Clark 1969). Third, our meta-analysis collapsed across both pain modalities

(see Table 1) and site of noxious stimulation, and SII and mid-to-posterior insula

are sensitive to different types of pain (Baumgartner et al. 2010; Friebel et al. 2011)

and contain a somatotopic map (Baumgartner et al. 2010), thereby representing

different body sites in different precise locations. Finally, it is possible that the

strength of nociceptive modulation varies across studies and contexts, and that

effects in these regions exist only for the strongest contexts and the strongest

placebo responders. Thus the fact that these regions did not emerge in our meta-

analyses is not definitive evidence that sensory processing is unaffected during

expectancy-based pain modulation.

Despite the fact that we cannot say with certainty that SII and dpIns are

unaffected by placebo, we must also acknowledge that there is a large literature

supporting a distinction between these two regions and those that were consistently

modulated by placebo and expectancy and identified in the meta-analysis presented

here. Medial thalamus, dACC, and insula are all targets of the spinothalamic tract

(Dum et al. 2009). They are functionally connected when individuals rate noxious
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stimuli but not when individuals make non-nociceptive magnitude estimations

(Baliki et al. 2009). They have been traditionally thought to support pain’s affective

(i.e., motivational and emotional) components (Peyron et al. 2000; Rainville 2002;

Rainville et al. 1997, 1999; Tölle et al. 1999; Zubieta et al. 2001; Bushnell

et al. 2013). The insula has also been implicated in interoception and thermosensory

processing (Craig 2009; Craig et al. 2000).

If one interprets the results of the present meta-analysis and considers only the

aforementioned pain literature, one might assume that our findings reveal that pain

affect is reliably influenced by placebo administration. However, one glaring caveat

must be acknowledged. The insula, thalamus, and ACC are the most widely

activated regions across all task-based fMRI studies (Yarkoni et al. 2011). The

dACC and insular cortices show intrinsic connectivity during resting state fMRI

and have been referred to as a “salience network” (Seeley et al. 2007). They are

implicated in many broad psychological processes, including simple maintenance

of task sets (Dosenbach et al. 2006), interoception (Craig 2002; Critchley

et al. 2004), conflict monitoring (Botvinick et al. 2004), and affective processing

(Shackman et al. 2011). All of these psychological processes might be implicated in

a standard placebo experiment, and so determining whether the presence of these

brain regions reflects these nonspecific processes or reflects something unique about

placebo requires more sophisticated analyses. In this regard, correlations between

brain responses and the magnitude of placebo analgesia (or placebo “responder

status,” a dichotomous version) are informative, as they establish a relationship

between brain activity and pain. Correlations between placebo analgesia magnitude

and reductions in dACC, anterior insula, thalamus, and SII have been reported in

multiple studies (reviewed in Koban et al. 2013). Nonetheless, such correlations do

not provide strong evidence that the brain processes that are affected by placebo are

directly associated with nociception or pain, and stronger tests are needed. As the

question of specificity applies to all of the regions identified in the meta-analyses

presented here, we discuss this issue in greater detail—and propose several

solutions—below (see Sect. 5.6).

With regard to the question of whether nociceptive processing is altered, we note

that the vast majority of the studies included in the present analyses applied either a

single level of noxious stimulation, or, if stimulus intensity varied, the paradigm

included cues that gave information about upcoming stimulus intensity, thereby

influencing stimulus expectancies (even in the context of placebo analgesia studies

designed to test only treatment expectancy). A simple modification of the basic

experimental paradigm depicted in Fig. 1 would greatly improve our ability to

determine the extent to which pain-related processing is altered by placebo. If

stimulus intensity varies during placebo and control conditions, researchers can

examine intensity-related changes in the control condition to establish subject-

specific regions of interest involved in pain processing, and then test for placebo

effects on these responses. This would also allow for more sophisticated analyses,

such as tests of placebo x intensity interactions (Wager et al. 2004). Another

important direction is to test the effects of placebo on brain patterns that are

validated to be sensitive and specific to pain across studies, such as that recently

developed by Wager et al. (2013).
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5.2 Reductions During Pain in the Amygdala

In addition to regions often implicated in pain processing, we observed placebo-

and expectancy-induced reductions in bilateral amygdala. The amygdala does

receive nociceptive input through the spinopontoamygdalar pathway (Bernard

et al. 1992; Willis and Westlund 1997), and some fMRI studies have shown that

it tracks changes in noxious input (Bornhovd et al. 2002) and is important for the

modulation of nociception by behavioral context (Helmstetter 1992). Thus it is

possible that amygdala modulation is consistent with a straightforward account

expectancy-based reduction in nociception. However, the amygdala is also strongly

implicated in cognitive and affective processes (Phelps 2006) such as vigilance

(Davis and Whalen 2001), threat (LaBar et al. 1998; LeDoux 1995; Rogan

et al. 1997), and uncertainty (Rosen and Donley 2006; Whalen 2007)—processes

that often accompany or precede pain, but that also exist in the absence of noxious

input, such as in response to salient cues (e.g., subliminal fear expressions; Whalen

et al. 1998, 2004) that induce vigilance or change one’s motivational and attentional

state. As with the regions reviewed in the prior section, future experiments should

directly test whether placebo-induced changes in amygdala responses relate more

closely to pain processing or vigilance and uncertainty, as might be expected if the

treatment context causes patients to feel calm and protected.

5.3 Modulatory Mechanisms

In addition to expectancy- and placebo-based reductions, we saw widespread

increases in activation with expectation for decreased pain. Increases were apparent

in the pgACC/rACC and the periacqueductal gray, two brain regions that have been

linked with endogenous opioid release in animal models (Fields 2000, 2004) and in

prior studies of placebo analgesia in humans (Levine et al. 1978) (Eippert

et al. 2009a; Wager et al. 2007b; Zubieta et al. 2005). In addition, we observed

consistent increases in the ventral striatum, a region that has been linked with

dopamine binding and reward processing (Scott et al. 2007, 2008). The ventral

striatum is also involved in learning about affective value, and works in concert

with the VMPFC/OFC—another region that showed reliable increases with

expectations for pain reduction—to track expected value and update expectations

(Liljeholm and O’Doherty 2012; Murray et al. 2007; Schoenbaum et al. 2009).

Relating placebo and expectancy effects with models of reinforcement learning is

likely to be a fruitful direction for future research. We also note that VMPFC might

have a more general role in ascribing value and meaning to stimuli (Roy

et al. 2012), perhaps linking to meaning-based conceptions of placebo analgesia

(Moerman and Jonas 2002). Finally, we also observed consistent placebo-based

increases in the DLPFC, a region broadly implicated in executive function, includ-

ing cognitive control, working memory, and rule maintenance (Miller 2000; Miller

and Cohen 2001). For a more thorough discussion of these systems and their

involvement in cognitive and affective functions, see Atlas and Wager (2013).
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5.4 Treatment Expectancies Versus Stimulus Expectancies

Expectations about stimuli and expectations about treatment are often discussed

interchangeably in the literature. Our first meta-analysis adopts this perspective to

identify the brain mechanisms associated with expectancy-based pain modulation.

However, we and others have argued that the two should be thought of as distinct

processes (Atlas et al. 2010; Atlas and Wager 2012, 2013; Kirsch 1985, 1997).

Stimulus expectancies are predictions about discrete events in the environment.

Thus, stimulus expectancies are likely to rely upon transient processes that can

change from moment to moment depending on the content of expectation, and may

even recruit preparatory antinociceptive responses. We have hypothesized that

cue-based stimulus expectancies about pain intensity are likely to depend on phasic

responses in dopamine neurons and related systems involved in processing

expected value and prediction error (Atlas et al. 2010). Indeed, quantitative

modeling supports this account (Seymour et al. 2004, 2005), but the relationship

between such signals and perceived pain has not been formally tested. Treatment

expectancies, on the other hand, involve knowledge about one’s overall context,

and beliefs that one will be less affected by stimuli in the environment. Thus, we

have hypothesized that treatment expectancies are likely to depend on sustained

mechanisms, such as affective shifts and tonic opioid binding (Atlas et al. 2010;

Atlas and Wager 2012).

The theoretical distinctions between these two types of expectancy motivated us

to separate and formally compare them in our secondary set of meta-analyses.

Placebo-based reductions and increases were nearly identical to our findings from

the collapsed meta-analysis. This is because of the vast imbalance in the studies that

were included: Our meta-analysis was heavily weighted toward studies of placebo-

based treatment expectancy (17 treatment expectancy vs. 5 stimulus expectancy).

The dearth of experiments relating stimulus expectancies with perceived pain is

also likely responsible for the fact that our meta-analysis failed to identify any

regions that showed reliable stimulus expectancy-induced reductions (assimilation

with expectations) during pain. We did, however, observe consistent increases with

expectations for low pain in the parietal cortex and anterior prefrontal cortex, which

might be related to the frontoparietal network, a network involved in selective

attention (Szczepanski et al. 2013). We note that these regions were not observed in
our analysis of treatment expectancy-induced increases, providing at least some

support for the notion of neural segregation, although we feel it would be premature

to infer that attention networks are themselves altered by the two processes. We

encourage researchers to consider these distinctions in the future, so we can better

identify the similarities and differences between these two types of expectations.

5.5 Relationship to Prior Meta-analyses of Placebo Analgesia

It is important to consider the present findings in relation to a quantitative meta-

analysis published previously (Amanzio et al. 2011). Both analyses examined
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placebo-induced reductions during noxious stimulation and found evidence for

reductions in the cingulate cortex and insula/clustrum, although laterality and

precise location differed [middle and posterior cingulate in Amanzio et al. (2011)

vs. anterior and middle cingulate here; right posterior and left anterior insula in

Amanzio et al. (2011) vs. bilateral anterior and left posterior insula here]. All other

reductions reported in Amanzio et al. (2011) fell within the boundaries of the

placebo-induced reductions reported here. We also observed reductions in bilateral

amygdala and bilateral lateral prefrontal cortex, which were not observed in the

previous meta-analysis.

Amanzio et al. (2011) separated placebo-induced increases during anticipation

(“stage 1”) and noxious stimulation (“stage 2”). The “stage 1” anticipatory

increases identified by Amanzio et al. all overlap with or are directly adjacent to

increases identified here. There were some slight differences when it came to “stage

2” increases. We did not observe consistent increases in the pons, the inferior

parietal lobule, the postcentral gyrus, or the medial frontal gyrus, and the dorsolat-

eral prefrontal cortex activations we observed were bilateral and posterior to the left

DLPFC activation reported by Amanzio et al. (2011). We also found evidence of

consistent placebo-induced increases in the ventral striatum and bilateral anterior

insula/inferior frontal gyrus, which were not observed in the earlier meta-analysis.

Some of these differences are likely due to differences in power: The present

analysis included twice as many studies than Amanzio et al. (2011), which points to

a growing scientific interest in the brain basis of placebo analgesia as neuroimaging

studies of placebo continue to be published. In addition, we used MKDE rather than

ALE, which might have accounted for subtle differences in exact location of peaks.

However, other differences are likely to stem from explicit decisions based on

theoretical considerations. Amanzio et al. separated increases during anticipation

and stimulation, whereas we collapsed across both phases in our analysis of

modulatory increases. We decided to collapse across these periods since not all

experiments are designed to separate anticipation and pain, and both periods

involve modulatory mechanisms. In addition, we incorporated analyses of

cue-based stimulus expectancies (though the comparisons discussed here refer

specifically to our analysis of placebo-based treatment expectancy effects) to

isolate expectancy-based changes and to determine whether there are reliable

differences in treatment and stimulus expectancies.

5.6 Unanswered Questions: Extending the Meta-analysis

Throughout this discussion, we have deliberately avoided reverse inferences about

the specific processes supported by the regions identified in our meta-analysis. As

we have pointed out, the regions identified here are reliably influenced during

placebo, but are also implicated in many other psychological processes. Meta-

analyses tell us where placebo effects occur, but not how these brain regions—

either individually or as a network—contribute to placebo effects on pain. How can

future studies establish specificity?
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One simple way to understand the contributions of these commonly activated

brain regions in any particular study is to link placebo effects on the brain with

placebo effects on behavior. This has been accomplished by (1) correlating indi-

vidual differences in placebo effects on activation with effects on pain reports

(Kong et al. 2006; Wager et al. 2004) [see (Koban et al. 2013) for review and

meta-analysis]; (2) mediation analyses that identify regions that dynamically medi-

ate the effects of experimental manipulations on measured behavior (Atlas

et al. 2010); and (3) machine learning techniques that identify spatially distributed

patterns of brain responses predictive of the magnitude of the placebo response

across individuals (Wager et al. 2011). These brain-behavior approaches can help

individual studies differentiate between regions that are simply activated by

elements of the treatment context or experimental context and those that actually

correlate with or even cause changes in subjective pain. Further specificity can be

attained by differentiating between various aspects of the pain experience, e.g., pain

intensity versus pain unpleasantness (De Pascalis et al. 2002; Kulkarni et al. 2005;

Price et al. 1999). For example, one could use any of these methods to test formally

the hypothesis that placebo effects on dACC reflect placebo-based reductions in

pain unpleasantness.

Another way to specify the precise functional contributions of these regions is to

design experiments that isolate the effects of different components that contribute

to placebo responses. The standard placebo manipulation depicted in Fig. 1 (and

employed in many of the experiments in the present meta-analysis) combines many

features, only some of which have been directly investigated with neuroimaging

tools. Participants generally receive both verbal suggestions and conditioning/

paired association. A number of laboratory experiments have sought to separate

the contributions of verbal suggestions and conditioning (Benedetti et al. 2003;

Montgomery and Kirsch 1996, 1997), but such paradigms have yet to be extended

to the neuroimaging domain. While one study examined the neural correlates of the

conditioning phase as well as accompanying placebo analgesia during test (Lui

et al. 2010), conditioning-based placebo was not directly compared to a placebo

condition based on suggestion alone, nor was conditioning examined in the absence

of explicit verbal instructions. Another key component of the placebo effect

involves the psychosocial aspects of the patient–doctor relationship (Kaptchuk

2002). While few studies have formally investigated this interaction, some evidence

comes from studies showing that patient responses are influenced by doctors’

expectations (Gracely et al. 1985; Levine and Gordon 1984). One recent experi-

ment attempted to identify neural mechanisms contributing to the patient–doctor

relationship by focusing on brain responses in physicians as they administered

treatment (Jensen et al. 2013). Future studies can elaborate on this work and directly

address the interactive nature of this relationship by adapting designs from social

neuroscience optimized to study interpersonal interactions.

Finally, placebo effects might induce changes in attention and/or induce positive

affective shifts (Atlas and Wager 2013), and, as mentioned above, changes in

regions like insula and dACC might reflect these nonspecific processes.

Experiments that relate placebo effects, brain responses, and performance on
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well-validated attention and emotion experiments can evaluate the extent to which

this is true. For example, one study (Scott et al. 2007) related placebo-induced

changes in striatal dopamine binding with performance on a reward task (Knutson

et al. 2001), suggesting that this region might play a role in the rewarding aspects of

receiving treatment. We have interwoven attention probes with placebo adminis-

tration (Atlas et al. 2014) and stimulus expectancy cues (Johnston et al. 2012) to

determine whether expectancy-based pain modulation depends on changes in

attention. Finally, studies have tested whether placebo involves changes in emotion

processing by relating responses during placebo analgesia with placebo effects on

responses to aversive images (Petrovic et al. 2010; Zhang and Luo 2009) and by

testing whether responses to emotional stimuli are altered during placebo analgesia

(Atlas et al. 2014).

In sum, we envision an iterative process that will ultimately lead to precision and

specificity with regard to the contributions of the individual regions and networks

identified here. The regions we have identified can serve as regions of interest for

future studies designed to isolate specific elements of placebo analgesia and other

forms of expectancy-based pain modulation. As studies on a specific subprocess

(e.g., positive affect/reward processing) accumulate, future meta-analyses will

determine which regions are reliably activated as a function of that process. This

iterative science will ultimately provide us with a detailed picture of how distinct

psychological and neural processes combine to influence pain under placebo, which

can then be extended to develop targeted interventions at a clinical level.
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