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cortex (MCC), and the primary somatosensory cortex, have been con-
sistently shown to be correlated with the intensity of nociceptive
inputs and resultant pain perception (18, 19). Activity levels in these
brain regions can therefore serve as a surrogate marker of analgesia.
Functional magnetic resonance imaging (fMRI) was used (i) as an ob-
jective index of analgesia by tracking pain-related brain responses in
typical pain intensity coding areas during different expectation
conditions and (ii) to characterize the brain mechanisms underlying
the influence of positive and negative expectations on drug efficacy. We
hypothesized that the individuals’ expectancies of the effectiveness of the
drug would modify subjective as well as objective indicators of the
analgesic effect of remifentanil.

We used a model of experimental heat pain in healthy participants
where the neurobiological mechanisms of pain perception, analgesia,
and expectancy are well known (18, 20). The analgesic effect of a fixed
0.8 ng/ml effect site concentration (estimated concentration within the
brain) was studied under three different conditions: without expecta-
tion of analgesia, with expectancy of a positive analgesic effect, and
with negative expectancy of analgesia [that is, expectation of hyper-
algesia (exacerbation of pain)].

Remifentanil is a potent synthetic m-opioid agonist with a rapid
onset of action, a context-sensitive half-life of 3 to 4 min (21), and
an elimination half-life of ~10 min (22). These properties make it ideal
for healthy volunteer experimental studies where rapid onset and
offset of opioid action is required. Positive and negative expectations
of the efficacy of remifentanil were induced by verbal instruction and
reinforced in a conditioning-like procedure before the main experiment.
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We used fMRI to validate that the sub-
jects’ expectancy effects of drug efficacy,
as assessed by the behavioral report, were
reflected in core brain areas of pain pro-
cessing. fMRI was thereby used to test for
reporting bias and to help elucidate the
neural mechanisms underpinning the
effects of expectancy on treatment efficacy.
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RESULTS

Results refer to the main experimental ses-
sion performed with fMRI and are based
on the 22 healthy volunteers who com-
pleted the study, comprising two study vis-
its (for details, see Materials and Methods).

Behavioral results
Using visual analog scales (VASs), we as-
sessed the analgesic efficacy of the potent
m-agonist remifentanil under the three
different expectancies of treatment out-
come by pain intensity ratings and pain
unpleasantness ratings (Fig. 1).

Pain intensity ratings. Repeated-
measures analysis of variance (ANOVA)
revealed a significant effect for experi-
mental condition (F3,63 = 42.6, P <
0.001). Post hoc tests showed that the
hidden application of remifentanil with-
www.Scien
out treatment expectancy significantly reduced pain intensity ratings
from 66 ± 2 during baseline saline infusion to 55 ± 3 [t(21) = 5.1, P <
0.001].

Positive expectancy significantly enhanced analgesia, as pain rat-
ings further decreased to 39 ± 3 [t(21) = 6.4, P < 0.001]. Negative ex-
pectancy, when the subjects had been led to believe that the drug was
stopped, resulted in a considerable increase in pain intensity from 39 ± 3
(positive expectancy run) to 64 ± 3 (negative expectancy run) [t(21) = 8.5,
P < 0.001]. Negative expectancy fully negated the intrinsic analgesic
effect of remifentanil, as pain intensity under negative expectancy did not
differ from pain intensity during baseline saline infusion [t(21) = 0.68,
P = 0.5] (Fig. 1).

Unpleasantness ratings. Pain unpleasantness ratings showed a
similar pattern. The ANOVA revealed significant differences among the
four conditions (F3,63 = 28.8, P < 0.001). Post hoc tests showed that
unpleasantness ratings decreased from baseline (saline) to the hidden
application of remifentanil without treatment expectation from 52 ± 4
to 38 ± 4 [t(21) = 5.2, P < 0.001], further decreased when remifentanil
was given with positive expectancy from 38 to 23 ± 3 [t(21) = 4.9, P <
0.001], and increased in the fourth run, when remifentanil was given
with a negative treatment expectancy from 23 to 47 ± 5 [t(21) = 5.3,
P < 0.001]. The negative expectation in this fourth run fully negated
the analgesic effect of remifentanil, because unpleasantness ratings un-
der negative expectancy did not differ from baseline (Fig. 1).

Anxiety ratings. For technical reasons, the anxiety ratings are avail-
able only from 19 of 22 participants. Repeated-measures ANOVA
showed a main effect of experimental condition on the anxiety ratings
Fig. 1. Behavioral effects of the contextual modulation of opioid analgesia. (Left) Pain intensity ratings
obtained on the VAS (0 to 100) for the four experimental runs. (Right) Pain unpleasantness ratings ob-

tained at the end of each of the four experimental runs show the same context-dependent pattern. Error
bars indicate SEM. *P < 0.05.
Fig. 2. Behavioral effects of the expectancy modulation of opioid analgesia. (Left) Anxiety ratings ob-
tained on the VAS (0 to 100) at the beginning of each of the four experimental conditions. (Right) Mean

reactions times (seconds) in the reaction time task performed at the beginning of each trial. Error bars
indicate SEM. *P < 0.05; +P = 0.05. n.s., not significant.
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obtained at the beginning of each run
(F3,51=4.8,P<0.01).Posthoc t tests revealed
that this effect was mainly driven by a re-
duced anxiety with positive expectancy
from 12 ± 3 to 9 ± 2 [t(18) = 2.4, P =
0.05] and a substantial increase in anxiety
with negative expectancy from 9 ± 2 to
16 ± 3 [t(18) = 3.2, P < 0.05] (Fig. 2).

The analgesic benefit from positive
expectancy was negatively correlated
with anxiety ratings obtained at the start
of the respective run (r = −0.55, P <
0.01), indicating that participants who
were less anxious showed a greater anal-
gesic benefit of positive expectancy.

These expectancy-dependent changes
in opioid analgesia as measured by pain
intensity and anxiety ratings are not the
result of sensitization/habituation pro-
cesses or confounding effects of pro-
longed opioid infusion (for example,
opioid tolerance). This was confirmed
by the two control experiments (see Sup-
plementary Methods and Results and
figs. S4 and S5) and supported by the
posthoc analysis of the time course of
changes in analgesia during the different
expectancy conditions (see Supplemen-
tary Results and fig. S6).
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Reaction times. There was no significant main effect of experimen-
tal condition on reaction times (F3,63 = 0.58, P = 0.6). Consistent with
opioid sedation, reaction times were slightly slower during the hidden
infusion run compared to the baseline; however, this difference was
not significant, going from 485 ± 32 to 503 ± 35 ms [t(21) = 1.5,
P = 0.21] (Fig. 2).

fMRI results
We first determined brain areas responsive to painful thermal stimu-
lation. The results show that the painful stimuli significantly activated
the well-known cerebral pain network (19) including the primary and
secondary somatosensory cortices (S1 and S2), the insula, and the
MCC. Subcortical responses were recorded in the thalamus, basal gan-
glia, brainstem, and cerebellum (table S1 and Fig. 3). The intrinsic ef-
fect of remifentanil resulted in a significant reduction of pain-related
BOLD (blood oxygen level–dependent) responses in all of these brain
regions (baseline run > no-expectancy run). The most pronounced
effects were observed in S1, the anterior cingulate cortex (ACC), the
insula, and the striatum (for details, see table S2 and Fig. 4).

We then tested whether the observed placebo and nocebo changes
in analgesia (indicated by the changes in perceived pain intensity)
would be reflected in levels of activation of pain and opioid-sensitive
brain networks.

If these changes were seen, these results would support the conclusion
that the expectancy-dependent differences in reported analgesia are not
the result of reporting bias or socially desirable responding. Therefore, we
tested for pain-related BOLD responses that change with the subjective
pain intensity ratings in the different experimental conditions—baseline,
without expectation, with positive expectation, and with negative expec-
Fig. 4. Brain correlates of the intrinsic effect of opioid analgesia. BOLD activations to painful heat stim-
ulation that are greater during baseline than during covert administration of remifentanil (for details, see

table S2). The images are thresholded at P < 0.05 corrected. Color bar indicates t score.
Table 1. Brain areas displaying opioid analgesia and its expectancy-
dependent modulation. Pain-related BOLD responses that track the pain
intensity ratings in the four experimental conditions (using z-transformed
mean ratings from all four experimental runs as contrast weights). Co-
ordinates are denoted by x, y, z in millimeters according to the Montreal
Neurological Institute (MNI) space, and strength of activation is expressed
in t scores (df = 63). All Ps < 0.05 corrected (*), using small volume correc-
tion (SVC) as indicated in Supplementary Methods, or 0.001 uncorrected.
ACC, anterior cingulate cortex; MCC, midcingulate cortex; PAG, periaque-
ductal gray; S1, primary somatosensory cortex; S2, secondary somato-
sensory cortex; R, right; L, left.
Coordinate of peak voxel
 Voxel level (T)
R
 L
 R/L
S1
 −8, −40, 72
 /6.3*
S2
 56, −26, 26
 −52, −28, 26
 3.6/3.8*
ACC
 6, 20, 36
 −6, 16, 34
 5.6*/5.8*
MCC
 4, −2, 44
 5.2*/
Insula
 36, 8, 6
 −32, 6, 10
 /6.0*
Thalamus
 −16, −20, 8
 /4.6*
Putamen
 24, 6, −8
 −24, 4, 0
 3.9*/3.8*
Cerebellum
 30, −50, −32
 4.6/
PAG
 −4, −28, −2
 /3.3*
Amygdala
 −18, −2, −16
 /3.4*
Hippocampus
 −34, −12, −12
 /3.6*
Fig. 3. Brain activation to painful stimulation. BOLD responses to painful heat stimulation in the first
run (saline application) only. For a complete list of brain areas, see table S1. The images are thresholded

at P < 0.05 corrected. Color bar indicates t score.
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tation of analgesia (using z-transformed mean ratings from all four exper-
imental runs as contrast weights). Indeed, changes in pain intensity dur-
ing the different conditions were reflected in changes in activation in the
core areas of the cerebral pain network including S1 (corresponding to
the expected somatotopic representation of the lower leg), S2, MCC,
insula, basal ganglia, contralateral thalamus, and brainstem, includ-
ing the periaqueductal gray (PAG) (Table 1 and Fig. 5; see also Sup-
plementary Methods and Results and fig. S2).

Given the clinical relevance of expectation within the therapeutic
context, we were particularly interested in the opposing effects of positive
and negative expectancy on the brain circuitry subserving opioid analge-
sia. Therefore, we compared brain responses to identical pain stimuli
under conditions of negative and positive expectancy. We chose to con-
trast these two conditions where both expectancy and drug are present,
but only the direction of expectancy (positive or negative) is manipu-
lated. The results show that the attenuated analgesic effect (that is, in-
crease in pain intensity) during negative expectancy was reflected by an
increase in brain activity in the cerebral pain network including the S1,
MCC, insula, and thalamus. In addition, we observed increases in brain
activity in the hippocampus bordering the amygdala, medial prefrontal
cortex, and the cerebellum (Table 2 and Fig. 6). An additional simple
regression analysis revealed that the increase in neural activity in the hip-
pocampus, MCC, and medial prefrontal cortex predicts the individual
increase in perceived pain intensity. These brain areas are thus likely
to be involved in the effects of negative expectancy on opioid analgesia.

Finally, we aimed to identify brain regions that mediated the increased
analgesic potency of opioids during positive expectancy. We therefore
determined brain areas that showed increased activation when remifentanil
was given under conditions of positive expectancy compared to negative
expectancy. This response pattern was observed in the dorsolateral pre-
frontal cortex, ACC (including rostral and perigenual/subgenual aspects),
the striatum (including caudate nucleus and putamen), and the frontal
operculum. An additional simple regression analysis showed that activ-
ity increases in the perigenual ACC and the striatum best predicted in-
dividual subjective pain decreases during positive compared to negative
expectancy (Table 2 and Fig. 7).

Note, however, that stronger ACC activity during positive compared
to negative expectancy and stronger hippocampus activity during neg-
ative compared to positive expectancy could be driven by increased ac-
tivity of the ACC during positive expectancy, decreased ACC activity
during negative expectancy, or both (and similarly so for the hippocam-
pus result). To further unravel which condition is actually driving these
www.Scien
effects, we extracted the parameter estimates from these areas identified
to be associated with positive and negative activity and known from
published literature to be relevant for driving placebo analgesia and
nocebo hyperalgesia [subgenual ACC (sgACC) and hippocampus] (see
Supplementary Material and fig. S3). This analysis revealed increased ac-
tivity in the sgACC when analgesia is increased during positive expect-
ancy and a deactivation of this region when analgesia is impaired during
negative expectancy. In contrast, no response in the hippocampus was
observed when remifentanil is applied in the no-expectation or the pos-
itive expectation condition, but a strong increase in activity occurs when
analgesia is impaired during negative expectancy.

DISCUSSION

The present study explored how an individual’s expectation of the ef-
fectiveness of a drug can influence analgesia during the application of
the m-opioid receptor agonist remifentanil. We found that positive
treatment expectancies substantially enhanced, in fact doubled, the an-
algesic benefit of remifentanil. Negative treatment expectation inter-
fered with the analgesic potential of remifentanil to the extent that
the effect of this potent analgesic was completely abolished. These
effects of subjective perception were paralleled by significant changes
in neural responses to thermal noxious stimulation in core brain re-
gions that are involved in the intensity coding of pain.

The first part of our study, which compared the analgesic efficacy
of remifentanil, in terms of its net analgesic effect, without and with
positive expectation, confirms previous behavioral observations that
used hidden versus open application of analgesics. It shows that psy-
chosocial factors, such as awareness of a drug being given, can con-
siderably enhance the overall clinical response to a drug (12). This
phenomenon is not restricted to analgesics, because similar effects
have also been reported for treatments in other medical conditions
(13). For instance, expectation increases the anxiolytic effects of diaz-
epam in postoperative anxiety, the effect of deep brain stimulation
of the subthalamic nucleus on motor performance in Parkinson’s
disease, and the subjective responses to psychotropic drugs such as
D9-tetrahydrocannabinol (11, 15) or methylphenidate (23).

The hidden application of drugs is an artificial situation, mainly
used in experimental studies. In medical practice, rather than having
no expectations, as was true for one of our conditions, patients
commonly have implicit or explicit expectations of their physician
and their prescribed treatments. Therefore, we specifically tested these
Fig. 5. Effect of expectancy modulation of opioid analgesia in the core
regions of the pain neuromatrix. (A) Brain activity correlating with the

P < 0.001 uncorrected. (B) Parameter estimates of pain-related BOLD re-
sponses averaged across the above shown brain regions for each of the
changes in behavioral analgesia in the four experimental conditions. These
correlations were identified with z-transformedmean ratings from the four
experimental runs as contrast weights. The images are thresholded at
experimental runs plotted for visualization purposes (extracted from a
6-mm sphere around the peak voxels of activation; for details, see Table 1).
a.u., arbitrary units. Color bar indicates t score.
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clinically relevant conditions of positive and negative expectancy. The
negative treatment expectancy completely abolished the analgesic ef-
fect of a potent analgesic. Notably, this increase in pain behavior with
negative expectancy that occurred after 60 min of being on an opioid
is not due to opioid tolerance. This was confirmed by control exper-
iment II (fig. S5), in which we demonstrated that the opioid regimen
used in our study results in stable analgesia over the entire time course
of an experiment when no expectancy manipulation is performed.
This is further supported by the results from a recent healthy volun-
teer study that failed to demonstrate analgesic tolerance to remifentanil
dosing regimens similar to that used in our study (24). The subjective
effects that we observed (that is, changes in reported analgesia with
different expectancies) are substantiated by significant changes of
activation in core regions of the pain and opioid-sensitive brain net-
works, such as the thalamus, the MCC, and the primary somato-
sensory cortex. Activity in these brain areas has been consistently
shown to be correlated with the intensity of nociceptive inputs and
resultant pain perception (18, 19), and therefore serves as an objective
index of analgesic efficacy. These data provide strong objective ev-
idence that context-related differences in reported analgesia, as
observed here and in previous studies (12), are not the result of re-
porting bias.

fMRI revealed that the contextual manipulation of remifentanil an-
algesia is indeed accompanied by altered processing of ascending no-
ciceptive input as reflected in activation differences in brain areas
involved in pain processing and top-down pain modulation. These
www.Scien
observations suggest that expectations about the effect of an active
pharmacological substance selectively engage well-known mechanisms
of descending facilitation and inhibition of pain, as has previously
been reported for placebo and nocebo phenomena involving biologi-
cally inert compounds (5, 6, 25, 26). Specifically, our data suggest that
the descending pain control system plays a role in mediating the effect
of positive treatment expectancy, because it was associated with activ-
ity in cingulo-frontal and subcortical brain areas that are known to
contribute to both opioid and placebo analgesia. In contrast, negative
expectancy that abolished the analgesic effect of the opioid was asso-
ciated with reduced activity in the sgACC. This response pattern sug-
gests that both positive and negative expectancy use a key component
of the descending pain modulatory control system, but in opposite
ways (fig. S3).

Further, we found that negative expectancy was selectively asso-
ciated with increased activity in the hippocampus (fig. S3) and the
medial prefrontal cortex. These brain areas have previously been im-
plicated in the exacerbation of pain by mood and anxiety in patients
as well as in healthy controls (27, 28). Activity in medial frontal areas
and hippocampus has also been observed in a recent study on the
nocebo hyperalgesic effects during sham acupuncture (29). Negative
treatment expectancy in our study produced a significant increase of
anxiety. This is in line with the existing evidence that anxiety represents
a powerful modulator in nocebo hyperalgesia (30), most likely via ac-
tivation of the endogenous cholecystokinin (CCK) system (8). The
CCK peptide is a known pronociceptive, anxiogenic neurotransmitter
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Fig. 6. Impaired analgesia during negative expectation is associated with
hippocampal activity. (A) Pain-related BOLD responses during negative ex-

treatment expectancy. The images are thresholded at P < 0.005 uncorrected
for visualization purposes. Color bar indicates t score. Right: Scatter plot of the
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pectancy compared to positive expectancy (run 4 > run 3) overlaid on a T1-
weighted image. (B) Left: Simple linear regression analysis of the changes
in BOLD response (parameter estimates run 4 > run 3, arbitrary units) with
the individual difference in pain rating between negative and positive
individual behavioral effect between negative and positive expectancy (x axis)
and the parameter estimates of the left hippocampus in the simple regres-
sion analysis (y axis). Parameter estimates are derived from a 6-mm sphere
around the peak voxel of the regression analysis (−22, −28, −12; t = 5.1).
Fig. 7. Recruitment of the descending pain modulatory system with pos-
itive expectancy. (A) Pain-related BOLD responses during positive ex-

at P < 0.005 uncorrected for visualization purposes. Color bar indicates
t score. Right: Scatter plot of the individual difference in pain rating between
pectancy compared to negative expectancy (run 3 > run 4) overlaid on a
T1-weighted image. (B) Left: Simple linear regression analysis of the changes
in BOLD response (run 3 > run 4) with the individual behavioral effect of
positive versus negative treatment expectancy. The images are thresholded
positive and negative expectancy (x axis) and the parameter estimates (ar-
bitrary units) of the perigenual ACC (pgACC) in the simple regression analysis
(y axis). Parameter estimates are derived from a 6-mm sphere around the
peak voxel of the regression analysis (14, 48, −8 for x, y, and z; t = 3.8).
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