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Abstract
Rationale Psychological processes such as expectancy, atten-
tion, and affect directly influence clinical outcomes. These
factors are grouped together as “nonspecific” factors, or place-
bo effects, in the medical literature, and their individual con-
tributions are rarely considered. The pain-reducing effects of
analgesic treatments may reflect changes in these psychologi-
cal factors, rather than pure drug effects on pain. Furthermore,
drug effects may not be isolated by drug vs. placebo compar-
isons if drugs interact with relevant psychological processes.
Objectives We sought to determine whether the analgesic
effects of opioid and placebo treatment are mediated by
changes in attention, expectancy, or affect.
Methods We crossed intravenous administration of a potent
opioid analgesic, remifentanil, with information about drug
delivery (treatment expectancy or placebo) using a balanced
placebo design. We measured drug and treatment expectancy
effects on pain, attention, and responses to emotional images.
We also examined interactions with cue-based expectations
about noxious stimulation or stimulus expectancy.
Results Pain was additively influenced by treatment expec-
tancy, stimulus expectancy, and drug concentration. Attention

performance showed a small but significant interaction be-
tween drug and treatment expectancy. Finally, remifentanil
enhanced responses to both positive and negative emotional
images.
Conclusions The pain-relieving effects of opioid drugs are
unlikely to be mediated by changes in threat or affective
processing. Standard open-label opioid administration influ-
ences multiple clinically relevant cognitive and emotional
processes. Psychological factors can combine with drug effects
to influence multiple outcomes in distinct ways. The influence
of specific psychological factors should be considered when
developing and testing pharmacological treatments.
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Introduction

Responses to drug treatments depend on pharmacological
factors along with a host of psychological factors that may
influence treatment outcomes. These potential intervening
processes are often referred to as “non-specific factors,” and
include such factors as expectations about treatment, emotions
induced by the treatment context, and social effects of the
patient–doctor relationship (Gracely et al. 1983; Atlas and
Wager 2012; Benedetti et al. 2011; Finniss et al. 2010;
Gracely et al. 1985; Kaptchuk 2002). The standard random-
ized clinical trial (RCT) assumes that these cognitive, emo-
tional, and psychosocial processes will be identical whether a
patient receives active treatment or a placebo. The effects in
the placebo group are attributed to these common psycholog-
ical factors and are subtracted from the effects in an active
treatment group. Differences between groups are then attrib-
uted to the pharmacological properties of the drug intervention
(Colloca and Benedetti 2005).
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Few studies have formally tested the assumptions underly-
ing this approach. In particular, studies have yet to directly
measure the effects of both placebo and drug treatments, and
their interaction, on these “non-specific factors” themselves.
Understanding how drugs and expectancies, in combination,
influence low-level processing is critical because these factors
may mediate treatment outcomes. For example, it is possible
that part of the analgesic efficacy of opioid treatments may
depend on changes in attention to pain, general affective
shifts, or differential responses to cognitive and affective cues
or stimuli (Gospic et al. 2008). Opioid receptors are distribut-
ed throughout the cerebral cortex and subcortical structures
involved in cognitive and affective processing (Arvidsson
et al. 1995; Frost et al. 1985; Jones et al. 1991) and recent
work implicates opioid binding in attention to pain (Sprenger
et al. 2012), responses to emotional stimuli (Liberzon et al.
2002), and mood states (Zubieta et al. 2003).

Previous studies have used RCTs to assess opioid drug
effects on cognitive and emotional outcomes (Gospic et al.
2008; Zacny 1995) or have compared placebo and control
conditions to isolate placebo effects on these processes
(Buhle et al. 2012; Flaten et al. 2006; Petrovic et al. 2005;
Zhang and Luo 2009). These studies support the notion that
both treatment expectancy and opioid drugs influence emotion
processing, while effects on cognitive factors have beenmixed.
However, drug and placebo effects have been considered
principally in isolation.

In a recent study (Atlas et al. 2012), we manipulated both
treatment expectancy and opioid administration to assess how
each influences measures of cognitive and emotional process-
ing, and to test for interactions between these factors. In two
separate studies, we showed that expectancy and remifentanil,
an opioid analgesic, have dissociable effects on pain and on
brain responses during pain processing. Pain was reduced
with overt remifentanil administration, but this reduction
was additive with drug effects. Remifentanil effects on pain-
related brain responses were the same whether or not partic-
ipants believed they were receiving the drug (Atlas et al. 2012;
Wager et al. 2013), and instructions about drug delivery were
accompanied by changes in brain regions outside of tradition-
al pain-processing pathways. This provides evidence for sep-
arate, additive effects of remifentanil and expectancy on pain.
However, it does not speak to whether each factor influences
basic attention and emotional processes, which may mediate
effects on pain (Mueller et al. 2012) or have other effects on
performance and wellbeing. The purpose of the present ex-
periment was to investigate these potential mediators.

Study 1 of Atlas et al. (2012) included three additional
tasks that bear on the broader psychological effects of opioid
and expectancy manipulations. We administered remifentanil
in a balanced placebo design (Rohsenow and Marlatt 1981;
Ross et al. 1962), which crosses drug treatment with treatment
expectancy in a 2×2 design (see Fig. 1). In each condition,

participants performed a demanding visual attention task
(Johnston et al. 2012; Shih and Sperling 2002) and also
judged emotional responses to viewing a standard set of
affective images (Lang et al. 1998). We tested for drug effects,
expectancy effects, and their interaction on both attention
performance and emotion ratings, in addition to pain. We also
included a manipulation of stimulus expectancy (Atlas et al.
2010) and assessed whether stimulus expectancy effects on
pain interacted with either drug or treatment expectancy. The
overall aim of this study was to evaluate whether opioid
treatments and placebo effects operate by modulating the
moment-to-moment sources of pain modulation, or whether
analgesic treatments affect pain independently and additively
with short-term pain modulatory factors.

Materials and methods

Participants

Fifteen participants were enrolled in the study. One participant
did not complete the session due to nausea, so data were
analyzed from 14 participants (7 female, mean age=22). All
participants were right-handed and spoke English fluently.
Participants were not enrolled if they reported a history of
neurological or psychiatric disorders, psychoactive substance
abuse, or prior treatment with opioids, and were screened for
illicit drugs using a commercial urine drug test. All partici-
pants gave informed consent as approved by Columbia
University’s Institutional Review Board and were fully
debriefed following the experiment.

Remifentanil administration and pharmacokinetic modeling

All participants received intravenous remifentanil (10 μg/ml
concentration) at a steady dose of .04 μg/kg/min during open
and hidden administration (see below, “Experimental de-
sign”). We used a three-compartment pharmacokinetic model
of remifentanil (Minto et al. 1997a, b) to estimate the predicted
brain (effect site) concentration for each participant over time.
The resultant time course provided estimates of predicted
brain concentration of remifentanil at each minute. We used
linear interpolation to estimate the brain concentration during
each trial for each task (i.e., every 45 s for analyses of pain
reports and attention performance and every 11.5 s for analy-
ses of emotion ratings). We normalized the Drug regressor to
reflect the percentage of maximum concentration over time
and modeled maximum absolute concentration (which ac-
counts for dose, sex, weight, and age) at the subject level in
group-level analyses. The dose administered in this study
corresponded to an average maximum absolute concentration
of 0.761 ng/ml, which is similar to the fixed dose of 0.8 ng/ml
applied in previous work that used target-controlled infusion
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(Bingel et al. 2011) and corresponded to the average dose
determined to elicit analgesia without sedation in a prior exper-
iment that included a subject-specific dosing procedure (Study
2 of Atlas et al. 2012). Subjects received a mixture of saline and
glucose (0.9 % saline) during placebo and control runs.

Remifentanil or saline infusion proceeded for 13.5 min and
was immediately followed by a washout period to minimize
circulating remifentanil by the next run. Participants performed
stimulus expectancy and attention tasks during the infusion
period, provided overall ratings of intensity, unpleasantness,
and pleasantness at the start of the washout period, and
performed the emotion task for the next ∼5 min of the washout

period (see Fig. 1). Drug concentration was reduced but
remained appreciable during the emotion task, and analyses
used the estimated drug concentration during each trial as a
continuous variable.

The duration of the washout period ranged from 7 (the
minimum amount of time allotted for participants to provide
overall ratings of intensity, unpleasantness, and pleasantness
and to complete the emotion task) to 38min (M=11min 51 s).
The estimated drug concentration was reduced by 50%within
4 min of washout, due to remifentanil’s rapid elimination half-
life. However, pharmacokinetic models of remifentanil predict
that a 13.5-min infusion will take 1 h to return completely to

Fig. 1 Experimental design. a We used a balanced placebo design
wherein participants received remifentanil intravenously during two runs
(dark gray open and hidden administration) and received no remifentanil
during two runs (light gray placebo and control conditions). The stimulus
expectancy task and the attention task were presented during drug infu-
sion, while the emotion task was performed during the washout period.
We estimated performance as a function of predicted drug concentration
over time. The figure illustrates predicted drug concentration for one
participant. b Prior to the main experiment, participants went through a
conditioning phase designed to manipulate stimulus expectancies, in
which two auditory cues were followed by low or high intensity stimu-
lation. During the main experiment, each cue was equally likely to be
followed by its predicted level (level 2 or level 8 on an 8-point scale) or

two levels of heat calibrated to elicit ratings of medium pain (level 4 or
level 6). Participants provided pain reports on each trial using a contin-
uous visual analogue scale. c Following each trial of the stimulus expec-
tancy task (i.e. after participants provided pain ratings), participants
performed three attention task trials. A target letter was presented in the
midst of a chain of rapidly changing symbols, with durations determined
through a titration phase. Following stimulus presentation, participants
reported the letter they had seen on that trial using a forced-choice
response. d The emotion task was presented during the washout period.
Participants saw negative, neutral, and positive images from the Interna-
tional Affective Pictures Set (Lang et al. 1998) and rated how negative or
positive they felt in response to the image, using a 9-point scale
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baseline, indicating that carry-over effects were possible. To
account for potential effects of residual remifentanil, we
counterbalanced order across all participants (i.e. made sure
that each condition was followed by every other condition and
appeared in each potential position). In our analyses, we
modeled predicted residual remifentanil carryover across runs,
accounting for the duration of the washout period on a run-by-
run basis, so that estimated brain remifentanil concentrations
reflect the combination of the current infusion and any resid-
ual remifentanil from the prior run.

Thermal stimulation and pain ratings

Thermal stimulation was delivered to the volar surface of the
left forearm using a 16×16mm Peltier thermode (Medoc, Inc.).
Each stimulus lasted 10 s (1.5 s ramp up and down, 7 s at peak).
Participants rated stimulation on a continuous, numerically
anchored visual analogue scale (VAS) from 0 to 8 (0=no
sensation, 1=non-painful warmth, 2=low pain, 5=moderate
pain, 8=maximum tolerable pain). The pain rating scale we
used is simple and provides reliable and rapid measurements
(Bijur et al. 2001; Chapman et al. 1985). However, it is unidi-
mensional. Previous work has shown that some opioid analge-
sics may specifically target pain unpleasantness, without affect-
ing pain intensity (Cohen et al. 2008; Kupers et al. 1991; Price
et al. 1985), though other studies have shown opposite effects
(Gracely et al. 1979). To acknowledge this potential dissocia-
tion, we collected retrospective ratings of overall pain intensity,
unpleasantness, and pleasantness on each run after the pain task
(before washout).

Experimental paradigm

Stimulus expectancy cues As in Atlas et al. (2010), partici-
pants first went through a learning procedure prior designed to
manipulate explicit stimulus expectancies (see Fig. 1b). Par-
ticipants were told that two cues (500 and 1,000 Hz tones,
counterbalanced across subjects), would predict low or high
pain, respectively. Participants then performed a forced-choice
task to ensure that they could accurately discriminate between
auditory cues. All participants performed accurately (>90 %)
so no participants were excluded.

Pain calibration and conditioning procedure Temperatures
were individually calibrated using a modified version of an
adaptive calibration described in previous work (Atlas et al.
2010). In the current experiment, we used this procedure to (a)
ensure that participants demonstrated a reliable relationship
between temperature and pain report (R2>.40), (b) determine
temperatures appropriate for each individual, (c) determine the
four skin sites that showed the most reliable relationship
between temperature and subjective pain, and (d) establish a

relationship between auditory cues and noxious thermal
stimulation.

Each participant received a series of temperatures preceded
by 2-s auditory predictive cues. All participants first received
stimulations of 41 °C and 47 °C, preceded by low-expectancy
and high-expectancy cues, respectively. Participants provided
pain reports on every trial, and we used these pain reports to
iteratively fit a linear relationship between temperature and
pain report. Participants received 12 trials calibrated to elicit
low pain (VAS=2) preceded by the low-expectancy cue, and
12 trials calibrated to elicit high pain (VAS=8) preceded by
the high-expectancy cue.

An experimenter rotated the thermode across eight skin sites
during this procedure. We fit a linear function between temper-
ature and pain reports, which allowed us to select four most
reliable skin sites and determine temperatures predicted to elicit
ratings of low pain (VAS rating=2; M=40.71 °C, SD=2.83),
low-medium pain (VAS rating=4; M=43.11 °C, SD=2.33),
medium-high pain (VAS rating=6; M=44.3 °C, SD=1.60),
and high pain (VAS rating=8; M=47.25 °C, SD=1.31). We
applied these temperatures during the main experiment.

Treatment expectancy manipulation Following pain calibra-
tion and conditioning, participants went through four runs of
the experiment. Two runs were conducted during
remifentanil infusion, and two runs were conducted during
the control condition, when standard saline solution (0.9 %
saline) was infused. Instruction about the infusion (Treat-
ment Expectancy) was evenly crossed with remifentanil
administration (Drug) in a 2×2 design. Thus, on two runs,
participants were told that they would receive remifentanil,
and on two runs, participants were told that they would
receive saline only, with no drug. This created four condi-
tions: Open remifentanil administration (Expect Drug, Re-
ceive Drug), Hidden remifentanil administration (Expect No
Drug, Receive Drug), Placebo (Expect Drug, Receive No
Drug), and Control (Expect No Drug, Receive No Drug).
Main effects of Treatment Expectancy were assessed with
the contrast [Open + Placebo – Hidden – Control]. Main
effects of Drug were assessed with the contrast [Open +
Hidden – Placebo – Control]. The interaction was assessed
with the contrast [Open + Control – Placebo – Hidden], as is
standard in a 2×2 factorial ANOVA design. Order was
counterbalanced across participants so that each condition
occurred in each possible position, and each condition was
followed equally often by every other condition. To ensure
that participants were blind to condition, (a) saline was
administered during placebo and control conditions to pro-
vide sensory feedback of intravenous infusion, (b) commu-
nication between the anesthesiologist and experimenters was
minimized to reduce social cues, and (c) the experimenter
who most directly interacted with the participant was blind
to condition.
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Stimulus expectancy manipulation During the infusion peri-
od, which lasted for 13.5 min for each run, participants expe-
rienced 18 thermal pain trials (10 s duration, as described
above). Noxious stimulation was preceded by a 2-s auditory
predictive cue that gave information about the upcoming
noxious heat intensity as in Atlas et al. (2010), and a 6-s
anticipatory delay period (see Fig. 1b). Each run consisted of
six conditions of three trials each: High Expectancy Cue
followed by High heat (HH), High Expectancy Cue followed
by Medium-High heat (HM2), High Expectancy Cue follow-
ed by Medium-Low heat (HM1), Low Expectancy Cue
followed by Medium-High heat (LM2), Low Expectancy
Cue followed by Medium-Low heat (LM1), and Low Expec-
tancy Cue followed by Low heat (LL). Participants rated
perceived pain immediately following pain offset on every
trial using the VAS described above. In a previous publication
(Atlas et al. 2012), we reported effects of Drug and Treatment
Expectancy on pain reports across all temperatures. In this
paper, we analyzed pain reports only during the critical medi-
um range of heat trials (LowMedium and High Medium) as a
function of Drug, Treatment Expectancy, Stimulus Expectan-
cy, and Temperature.

Attention task Between stimulus expectancy trials, partici-
pants performed three trials of a simple visual letter detection
task to monitor attention and alertness (Shih and Sperling
2002). This task was adapted from Johnston et al. (2012),
which measured stimulus expectancy effects on attention by
presenting visual discrimination probes during noxious ther-
mal stimulation. In the present study, visual discrimination
task trials were interleaved with thermal stimulation trials and
presented 2 s after pain ratings were collected. Thus we
measured direct effects of Drug and Treatment Expectancy
on attention, independent of pain or Stimulus Expectancy. On
each trial, participants saw a set of masked images interleaved
with a target letter (Shih and Sperling 2002; see Fig. 1c).
Target and mask presentation durations were determined
based on a titration task performed prior to the main experi-
ment, which allowed us to calculate the exposure length
required to achieve 85 % accuracy (M=62.78 ms; SE=
4.89). Forced choice performance was measured on each trial
with a 2-s probe that presented the target letter as well as two
lure options (see Fig. 1c). A 1-s inter-stimulus interval sepa-
rated each attention task trial.

Emotion task During the washout period, participants
performed a task designed to assess emotional changes (see
Fig. 1d). Participants saw 108 pictures from the international
affective picture set (IAPS; Lang et al. 1998). In each run,
participants viewed 9 negative, 9 neutral, and 9 positive
images, based on published normed ratings (Lang et al.
1998). Images were presented in random order within each
run, and counterbalanced across runs. Images were displayed

for 5 s, followed by a 5-s rating slide with the prompt “How do
you feel about this picture?” (see Fig. 1d). A 1-s inter-stimulus
interval separated each trial. One participant viewed only
negative and neutral images due to technical errors and was
excluded from analyses.

Debriefing Participants went through a structured debriefing
interview following the experiment. Participants answered
free response questions about their overall experience (e.g.,
“How effective do you think the analgesic was overall?”) and
were debriefed regarding the deception. Participants were then
asked whether they had suspected deception prior to
debriefing, and completed a forced choice task to identify
each of the four runs. Notes from two participants were
misplaced. Of the 12 remaining participants, 7 performed
correctly on the retrospective forced choice task. However,
only three participants reported suspecting deception prior to
debriefing. During experimental trials, therefore, at the mod-
erate doses we used, participants were reasonably blind to
which conditions were the verum drug conditions.

Statistical analysis

We measured four dependent variables: (a) trial-by-trial pain,
(b) visual discrimination task performance, (c) emotional im-
age ratings, and (d) overall pain intensity and affect. Overall
pain ratings were analyzed with repeated-measures Analysis
of Variance. All other dependent variables were analyzed with
separate linear mixed-effects models, implemented using cus-
tom Matlab software and verified with the glmer function in
the R package lme4 (Bates et al. 2011). Both software pack-
ages produced qualitatively identical results. The first level of
each model included regressors for each predicted effect and
all relevant interactions, along with a linear term for the effect
of run. Drug effects were modeled as a continuous measure
based on the pharmacokinetic model of remifentanil described
above. The second level of each mixed effects model assessed
the significance of coefficients across individuals, treating
participant as a random variable. We also included second-
level covariates for maximum absolute drug concentration, as
described above.

Sources of pain modulation We assessed whether trial-by-trial
pain reports were modulated by Drug, Treatment Expectancy,
Stimulus Expectancy, Temperature, and all possible interac-
tions between these factors. The present paper focuses on
medium-range heat trials (i.e., on the subset of Low-Medium
and High-Medium trials), during which all factors were fully
crossed.

Effects on visual discrimination task performance We ana-
lyzed effects on trial-by-trial performance (percent correct
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based on the three probes per trial) as a function of Drug,
Treatment Expectancy, and their potential interaction. Be-
cause outcomes were discrete (i.e., performance on each trial
could be 0 %, 33 %, 66 %, or 100 % correct), we used a
bootstrapping estimation procedure (bias-corrected and accel-
erated; Efron and Tibshirani 1993), with p values calculated
based on 10,000 bootstraps.

Effects on responses to emotional images Trial-by-trial rat-
ings were analyzed as a function of Drug, Treatment Expec-
tancy, and Valence (negative, neutral, or positive based on
normed ratings; Lang et al. 1998), and all possible interactions
between these factors.

Results

Pain: additive effects of Drug, Treatment Expectancy, and
Stimulus Expectancy As shown in Fig. 2, all factors (Drug,
Treatment Expectancy, Stimulus Expectancy, and Tempera-
ture) influenced pain reports on the critical medium-range
temperature trials, and their effects were additive. Remifentanil
administration produced an average reduction of 1.04 VAS
units (drug effect: t =−3.89, SE=0.27, p <0.01), and informa-
tion that remifentanil was being delivered produced an average
additional reduction of .31 units (Treatment Expectancy ef-
fect: t =−2.37, SE=0.13, p <0.05). High pain cues were
associated with an increase of 0.37 units, relative to the same
temperatures preceded by low pain cues (Stimulus Expectan-
cy effect: t =3.33, SE=0.11, p <0.01). Temperature also af-
fected ratings: High-medium trials were rated 1.18 units
higher than low-medium trials, regardless of cue (Tempera-
ture effect: t =3.77, SE=0.31, p <0.01). There were no

interactions between Drug, Treatment Expectancy, and Stim-
ulus Expectancy, nor were there any interactions with Tem-
perature or main effects of Run (all p’s>0.1). Finally, indi-
viduals with higher absolute brain concentrations of
remifentanil reported more pain on average (t =2.88, SE=
1.93, p <.05). Absolute concentration of remifentanil is pos-
itively correlated with participant height and weight, suggest-
ing that the fixed weight-adjusted dose administered in the
present study was less analgesic for heavier participants.

Attention: over-additive Drug×Treatment Expectancy interaction
We found a significant Drug×Treatment Expectancy interac-
tion on letter detection performance (t =−1.74, SE=2.11,
p <0.05). As shown in Fig. 3 and confirmed by post-hoc
simple effects analyses, this interaction was driven by a
significant drug-induced reduction in performance only
when participants believed they were receiving remifentanil
(Open – Placebo: t =−1.76, SE=3.32, p <0.05). There were
no effects of drug administration when participants believed
they were not receiving the drug (i.e. Hidden – Control;
p >0.5), nor were there significant simple effects of Expec-
tancy (Open>Hidden or Placebo>Control; all p ’s>0.2).
There was a marginally significant drug-induced reduction
in performance (main effect of Drug; t =−1.94, SE=2.75,
p =.065). The main effect of Expectancy was not significant
(p >.2).

Emotional images: drug enhances responses to both negative
and positive images As expected, image valence (based on
normative ratings) strongly influenced emotion ratings
(t =16.32, SE=0.15, p <0.001): negative images were rated
as more negative than neutral images, and positive images
were rated as more positive than neutral images (see Fig. 4).
There were no main effects of Drug or Treatment Expectancy

Fig. 2 Drug, treatment expectancy, and stimulus expectancy effects on
pain reports under medium heat.Wemeasured pain in response to thermal
stimuli calibrated to elicit ratings of low-medium pain (level 4 on an 8-
point scale) and high-medium pain (level 6 on an 8-point scale). Pain
reports were significantly influenced by drug concentration (a continuous

regressor, visualized in all figures as [drug vs no drug] for simplicity),
treatment expectancy (expect no drug vs expect drug), stimulus expec-
tancy (high cue vs low cue), and temperature (high-medium heat vs low-
medium heat), with additive effects. We did not observe any significant
interactions between these factors
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on ratings, nor were there any Drug×Treatment Expectancy
interactions (all p ’s>0.2). However, we observed a significant
Drug × Valence interaction (t =2.3, SE= 0.21, p <.05), such
that high drug concentration enhanced rated valence: Negative
images were rated more negatively, and positive images were
rated more positively, than when drug concentration was low
(see Fig. 4). We note that we found no significant Drug effects
when we examined ratings separately within each valence,
likely because of the limited number of trials per condition per
run. Finally, individuals with higher maximum drug concen-
tration showed stronger Drug×Valence interactions (t =3.0,
SE=1.84, p <.05).

Drug effects on retrospective ratings of pain intensity and
affect Remifentanil reduced post-task ratings of pain intensity
(t (10)=−3.27, p <.01) and unpleasantness (t (12)=−4.37,

p <.001) and increased retrospective pleasantness ratings
(t (9)=2.82, p <.05; see Fig. 5). We found no main effect of
Treatment Expectancy, and no Drug×Treatment Expectancy
interactions on ratings (all p ’s>0.15).

Discussion

The gold standard clinical trial depends on the logic that
psychological factors are identical between placebo and con-
trol groups. The present study used a mechanistic approach to
test this assumption. We used a within-subjects balanced
placebo design to isolate drug effects and placebo effects on
pain, attention, and emotional responses to images. We tested
for interactions in the effects of drug, treatment expectancy,
and trial-by-trial stimulus expectancy on each outcome. We
found that pain was influenced in an additive manner by
remifentanil, expectations about remifentanil, and expecta-
tions about noxious stimulus intensity. However, attention
performance showed a different pattern: Drug effects and
placebo effects interacted to influence attention, such that the
strongest impairment was produced by the combination of
drug and treatment expectancy. Finally, emotional responses
to pictures showed another, qualitatively distinct pattern.
Remifentanil enhanced responses to emotional stimuli, caus-
ing participants to perceive negative images as more negative
and positive images more positive.

These data reveal several new pieces of information about
the nature of placebo (treatment expectancy) effects. Each
outcome—pain, attention performance, and emotion ratings—
was associatedwith a different pattern of results across drug and
expectancy conditions. This implies that expectancy effects on
pain are not reducible to changes in attention or emotion.
Treatment expectancy had a reliable effect on pain, but a
drug-dependent effect on attention, and negligible effects on
emotion ratings. The placebo instructions did not increase
positive emotion ratings for other stimuli.

Fig. 3 Attention task performance. We found a significant interaction
between drug and expectancy on the visual discrimination task. Partici-
pants performed less well when they expected to receive remifentanil and
received the drug than when remifentanil was delivered outside of their
awareness. There was no effect of treatment expectancywhen participants
did not receive remifentanil

Fig. 4 Ratings of emotional
stimuli. Drug concentration
interacted with valence to
influence emotion ratings.
Participants rated negative images
more negative and rated positive
images more positive when they
received remifentanil than when
they received no drug. We found
no effects of treatment expectancy
on emotion ratings, nor were there
significant interactions between
drug and treatment expectancy
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Secondly, treatment expectancy effects were additive with
stimulus expectancy effects, implying that multiple kinds of
expectations—about treatments and about the stimulus itself—
can jointly and independently influence pain. Previous theo-
rists have suggested that there may be distinct types of expec-
tations. In particular, Kirsch has drawn a distinction between
stimulus expectancies and response expectancies, or expecta-
tions about one’s own nonvolitional reactions (Kirsch 1985;
Kirsch 1997). In Kirsch’s model, placebos generate response
expectancies, which in turn give rise to nonvolitional re-
sponses. This is consistent with how we conceptualize place-
bo effects here. We chose to refer to placebo effects as treat-
ment expectancies rather than response expectancies, since
information about analgesic treatments and information about
upcoming stimuli might both induce response expectancies
for reduced pain. Thus we differentiate short-term expecta-
tions about events that will occur in the environment from
sustained expectations about one’s own internal state. We find
that maintaining the treatment context does not affect the
impact of cue-based stimulus expectancies, and likewise giv-
ing information about upcoming stimuli does not reduce the
influence of sustained treatment expectancy. We have previ-
ously hypothesized that these types of expectancies are likely
to depend on separate neuromodulatory systems, namely that
stimulus expectancies are likely to rely on phasic dopamine
responses, whereas placebo analgesia is linked to endogenous
opioid binding (Atlas andWager 2012; Atlas et al. 2010). The
additive effects reported here lend further support to this
hypothesis. Future studies should directly examine the neuro-
chemical bases of these two classes of expectancy.

Our results have implications for the study of attention as
well. Cognitive performance during pain has received much
less attention than pain in placebo and opioid pharmacology
studies, but it is an important functional aspect of pain in its
own right (Buhle et al. 2012; Eccleston and Crombez 1999;
Legrain et al. 2009). We found that instructions that the drug
was being administered reduced performance only when par-
ticipants actually received remifentanil. Likewise, remifentanil
administration only affected performance when participants

knew they were receiving the drug. Though studies have found
mixed support for opioid drug effects on attention and simple
motor performance (Zacny 1995), the interaction reveals that
changes in attention of the type observed here cannot be
attributed to pharmacological properties of remifentanil itself.
Instead, decrements in performance emerge only when drug
administration is combined with explicit knowledge that the
drug is being administered. This interaction might reflect a
competition for directed attention between task demands and
self-monitoring. Self-monitoring is likely to be highest when
patients both expect side effects and receive feedback from
actual drug-induced changes, leading to a competition for
attention resources that might result in reduced performance.

The effects of remifentanil on emotion ratings challenge
several existing ideas about the effects of opioids. Consistent
with previous findings in other types of opioid analgesia
(Gospic et al. 2008; Kupers et al. 1991; Price et al. 1985),
remifentanil reduced overall ratings of pain unpleasantness. In
addition to effects on the affective components of pain,
remifentanil also influenced pain intensity ratings, suggesting
that its effects are not limited to unpleasantness. Furthermore,
we found that remifentanil also increased pleasantness ratings
for pain, implying enhanced positive contextual or sensory
associations with painful events. Remifentanil had more com-
plex effects on ratings of images as well. Rather than leading
to an overall shift toward positive affect, remifentanil en-
hanced responses to emotional stimuli, rendering negative
emotional images more negative and positive emotional im-
ages more positive. It is commonly assumed that opioids
increase positive affect, but they may in fact have more
nuanced effects on the contextual modulation of affect, per-
haps increasing the degree of contextual (or episodic memory-
based) control over affect. This might explain some of the
clinical manifestations of opioid treatment in some individ-
uals, such as the evocation of strong emotional memories. The
effect was strongest for individuals who received higher drug
concentrations; clinicians might consider that enhanced emo-
tional lability could be a direct consequence of remifentanil
administration. This builds on findings from Gospic et al.

Fig. 5 Post-task pain ratings.
Remifentanil influenced overall
ratings of both pain intensity and
affect: open and hidden
conditions were perceived as less
intense, less unpleasant, and more
pleasant than placebo and control
conditions. Treatment expectancy
had no effect on retrospective
ratings
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(2008), who found that remifentanil increased the pleasant-
ness of neutral images, but did not increase the pleasantness of
negative images. They did not examine effects on positive
images. Our results also suggest that it should not be assumed
that drugs affect pain and emotion in similar ways, since
remifentanil rendered aversive images more negative but also
made pain less unpleasant.

Future directions and limitations

This work raises a number of important questions that should
be addressed in future research. First, this work has important
translational implications that should be directly tested in the
clinic. Drugs and placebos might influence clinical outcomes
primarily by means of so-called “non-specific” factors—ex-
pectations, attention, and emotional responses—and using
validated paradigms from cognitive psychology provides a
way to measure these factors as potential mediators.

In this paper, we used a within-subjects design, which has
both advantages and disadvantages. The advantages include
minimization of person-level confounds such as clinical his-
tory, response to remifentanil, and pain tolerance. These ad-
vantages are substantial, as it is difficult to adequately control
for such variables in clinical studies. Disadvantages include
potential complications due to carry-over effects across runs
and reduced similarity with between-subjects designs typical
in clinical trials. We counterbalanced order to ensure that the
effects of learning and carry-over were minimized in our
analyses, and while our pharmacokinetic analyses account
for potential carry-over, we note that we could not model
pharmacodynamics of remifentanil, which might yield a dif-
ferent timecourse of effects on outcomes. Important next steps
will be to test this approach in between-subjects designs (i.e.,
subjects randomly assigned to placebo, control, open, and
hidden groups) in more ecologically valid clinical settings,
to assess the magnitude of these effects in clinical contexts. It
will be critical to carefully consider the ethical implications of
such work, as Hidden and Placebo conditions require decep-
tion, and patients assigned to Hidden administration would
believe they are being denied treatment, which might reduce
compliance.

We note that we did not design this study to test whether
changes in attention and emotion formally mediate
remifentanil-induced analgesia. The attention task and emo-
tion task were presented after pain was administered, which
precluded us from testing their formal contributions to the
analgesic effects of remifentanil or treatment expectancy on
pain. In previous work, we have shown that shifts in attention
play a role in stimulus expectancy effects on pain, using a
similar paradigm with intermixed attention probes (Johnston
et al. 2012). Here, we chose to separate phases of the exper-
iment so that we could measure pure influences of drug and
expectancy on lower-level processes. Future studies that

present emotion and attention probes during noxious stimula-
tion can directly test for mediation.

We note that participants knew that the infusion period had
ended prior to the emotion task, and therefore Treatment
Expectancy was likely reduced at this point. Future studies
that measure emotional responses during overt vs. covert drug
administration can provide stronger tests of treatment expec-
tancy effects on emotion.

Finally, we note that our sample size was rather small,
due to limited remifentanil availability for research purposes
at the time of the study. In addition, the effects, though they
are reliable, are not large in magnitude. Effect sizes can
vary based on the intensity of the manipulations and con-
textual factors, and so whether these effects are large
enough to be clinically meaningful must be addressed in
ecological studies in clinical contexts. Here, the small ef-
fects might be due to the fact that we (a) used a low dose of
remifentanil to reduce the potential for unblinding (i.e.,
awareness of which is the real drug condition) and (b) our
expectancy manipulation was minimal, and designed to
allow experimental control rather than to mimic the magni-
tude and type of expectancies present in the clinic. We
chose not to enhance expectancies by reinforcing our
placebo/open instructions with response conditioning (i.e.
reduced thermal stimulation) in order to study expectancy
effects due to information alone rather those combined with
conditioned responses. In addition, unblinding in some par-
ticipants is still possible, and would work against the ex-
pectancy effects we observed, reducing differences between
[Open – Hidden] and [Placebo – Control] comparisons. In
clinical settings, prior treatment experiences (Colloca and
Miller 2011) and stronger desire for relief (Price et al. 1999)
can create substantially larger expectations, and unblinding
is not an issue in standard open drug administration in
clinical practice. Thus, effect sizes may be larger in the
clinic (Vase et al. 2002), when expectancies are maximized
and drugs are administered at clinical doses.

Conclusion

Overall, this work suggests that the potential component
processes that underlie placebo effects—including effects
on pain, attention, and affective responses—should be con-
sidered independently, rather than grouped together as “non-
specific” processes. Predictive processing (i.e., stimulus ex-
pectancy effects), attention, and emotion are affected by
opioid administration and beliefs about opioid administration
in distinct ways, depending on the outcome. In the future,
simple analogues of these experimental tasks can be devel-
oped and measured, which might help to isolate drug effects
in clinical trials. Furthermore, if we consider the separate
contributions of the placebo effect’s component processes,
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we can develop interventions that directly target these inde-
pendent factors and thereby influence clinical outcomes.
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