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The time-averaged pulsed flux density of the
pulsars is about 1.8 mJy (1 Jy ⫽ 10–26 W m–2
Hz–1) at 1390 MHz (Table 1), compared with
a total flux density at this frequency of 7 mJy
(3). The ⬃5-mJy unpulsed emission probably
arises in the impact region described above.
We find it remarkable, with much of the
magnetosphere of B blown away by the wind
of A, that B still works as a pulsar. This
suggests that the radio emission is probably
generated close to the neutron star, providing
a direct constraint on the emission height.
Conclusion. We have detected the binary
companion of the millisecond pulsar
J0737⫺3039 as a pulsar, making this the first
known double-pulsar system. This discovery
confirms the neutron-star nature of the companions to recycled pulsars in eccentric binary systems and validates the suggested evolutionary
sequences in which a companion star, having
spun up the pulsar, forms a young pulsar in a
supernova explosion (31). The highly relativistic nature of this compact system opens up
opportunities for much more stringent tests of
relativistic gravitation than have been possible
previously. Not only have we already measured
four quantities attributable to, and consistent
with, general relativity, but the mass ratio R is a
new high-precision constraint that is independent of gravitational theories. Within a year or
so, we expect to measure the orbital decay due
to emission of gravitational radiation. If the
intrinsic value due to gravitational-wave damping can be extracted, it will allow tests of radiative aspects of gravitational theories mixed
with strong-field effects. On somewhat longer
time scales of a few years, we expect to detect
several other relativistic effects, such as geodetic precession of the pulsars’ spin axes, spinorbit coupling, and other deviations, making
this a superb test bed for relativity.
The detection of the companion as a pulsar also opens up the possibility of using each
pulsar to probe the magnetosphere of the
other. The energy flux from the millisecond
pulsar is strongly affecting the pulse emission
process in the companion, and eclipses of the
millisecond pulsar by the companion are also
seen. Future measurements of orbital variations in pulse shapes, amplitudes, polarization, and timing over a range of radio frequencies will give fascinating insights into
magnetospheric processes in pulsars.
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Empathy for Pain Involves the
Affective but not Sensory
Components of Pain
Tania Singer,1* Ben Seymour,1 John O’Doherty,1 Holger Kaube,2
Raymond J. Dolan,1 Chris D. Frith1
Our ability to have an experience of another’s pain is characteristic of empathy. Using
functional imaging, we assessed brain activity while volunteers experienced a painful
stimulus and compared it to that elicited when they observed a signal indicating that
their loved one—present in the same room—was receiving a similar pain stimulus.
Bilateral anterior insula (AI), rostral anterior cingulate cortex (ACC), brainstem, and
cerebellum were activated when subjects received pain and also by a signal that a loved
one experienced pain. AI and ACC activation correlated with individual empathy scores.
Activity in the posterior insula/secondary somatosensory cortex, the sensorimotor
cortex (SI/MI), and the caudal ACC was speciﬁc to receiving pain. Thus, a neural response
in AI and rostral ACC, activated in common for “self” and “other” conditions, suggests
that the neural substrate for empathic experience does not involve the entire “pain
matrix.” We conclude that only that part of the pain network associated with its
affective qualities, but not its sensory qualities, mediates empathy.
Human survival depends on the ability to
function effectively within a social context.
Central to successful social interaction is
the ability to understand others intentions
and beliefs. This capacity to represent mental states is referred to as “theory of mind”
1
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(1) or the ability to “mentalize” (2). Empathy, by contrast, broadly refers to being
able to understand what others feel, be it an
emotion or a sensory state. Accordingly,
empathic experience enables us to understand what it feels like when someone else
experiences sadness or happiness, and also
pain, touch, or tickling (3).
Even though empathy has been extensively discussed and investigated by philosophers and social scientists, only recently
has it become a focus for neuroscience
(3–8). Influenced by perception-action
models of motor behavior and imitation (9),
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Preston and de Waal (8) proposed a model
of empathy that incorporates most theoretical accounts of, as well as empirical findings on, empathy. The key suggestion is
that observation or imagination of another
person in a particular emotional state automatically activates a representation of that
state in the observer, with its associated
autonomic and somatic responses (“automatic” refers to a process that does not
require conscious and effortful processing
but can nevertheless be inhibited or controlled). The philosopher Susanne Langer
has described it as an involuntary breach of
individual separateness (10).
Recent neuroimaging studies have explored the neural correlates of empathic
experience by measuring brain activity
while subjects watched video clips showing
actors telling personal stories with neutral
or sad content accompanied by sad and
happy facial expressions (11), by comparing
brain activity associated with the imitation
of and the mere observation of pictures
showing different emotional facial expressions (12), and by comparing neural responses elicited by watching videos of
Fig. 1. Pain-related activation associated with
either experiencing pain
in oneself or observing
one’s partner feeling
pain. Areas in green represent signiﬁcant activation (P ⬍ 0.001) for the
contrast pain–no pain in
the “self” condition and
areas in red for the contrast pain–no pain in the
“other” condition. The
results are superimposed
on a mean structural
scan of the 16 subjects.
Activations are shown
on sagittal (A and B) and
axial (C and D) slices. (A)
Activation in ACC and
cerebellum. (B) Bilateral
insula cortex extending
into lateral prefrontal
cortex, left posterior insula extending into secondary somatosensory
cortex (SII), bilateral occipital cortex, and fusiform cortex. (C) Bilateral
insula and mediodorsal
thalamus. (D) Middle
and lateral cerebellum/
fusiform gyrus. For coordinates of peak activations from “self” and
“other” conditions, see
tables S1 and S2.
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faces with emotional expressions of disgust
and pleasure with responses induced by
smelling aversive and pleasant odors (13).
Whereas the first study did not permit the
identification of shared networks underlying emotions in self and others, the latter
studies report activation in areas previously
identified in the perception and production
of facial emotional expressions (action representation and emotional systems) as well
as during the smelling of aversive odors
(insula). These results suggest that regions
associated with feeling an emotion can be
activated by seeing the facial expression of
the same emotion, a phenomenon described
as emotional contagion.
A paradigm to study empathy in
vivo. The present study extends previous
findings in a number of ways. First, we
tested for shared and unique networks for
experienced and empathic pain. More specifically, we provide evidence for painrelated empathic responses and demonstrate that empathic experience does not
involve activation of an entire pain matrix,
but only of that component associated with
the affective dimension of pain experience.

Moreover, we show a relation between empathy-related brain activity and individual
difference in empathy as assessed by commonly used empathy scales. We also
demonstrate—in contrast to accounts of
emotional contagion—that empathic responses can be elicited automatically in the
absence of an emotional cue (such as facial
emotional expressions) through mere presentation of an arbitrary cue that signals the
feeling state of another person.
We used functional magnetic resonance
imaging (fMRI) to explore both common
and unique brain circuitry involved when
we experience pain in ourselves, as well as
when we observe someone else feeling
pain. Previous studies on pain have revealed that noxious stimuli consistently activate the secondary somatosensory cortex
(SII), insular regions, the anterior cingulate
cortex (ACC), the movement-related areas
such as the cerebellum and supplementary
motor areas and, less robustly, the thalamus
and the primary somatosensory cortex (SI)
(14, 15). This pain-related network, which
is commonly referred to as the pain matrix,
served to define regions of interest in the
present study.
To investigate pain-related empathy, we
developed a paradigm that allows the investigation of empathic experience in vivo,
with the object of empathy being a real
person present in the same room. More
specifically, we investigated pain-related
empathy in 16 couples, under an assumption that couples are likely to feel empathy
for each other. We assessed brain activity
in the female partner while painful stimulation was applied to her or to her partner’s
right hand through an electrode attached to
the back of the hand. The partner was
seated next to the MRI scanner and the
right hand of each subject was placed on a
tilted board, allowing the female partner
with help of a mirror system to see her and
her partner’s right hand. On a large screen
situated behind the board, cues were presented in random order indicating whether
she (self) or her partner (other) would get
low (no pain condition) or high (pain condition) stimulation. We were especially interested in comparing pain-related brain activity (assessed by the difference between
trials involving painful and nonpainful
stimulation) in the context of “self” and
“other.” Questionnaires administered after
scanning served to validate measurements
of individual pain threshold made before
scanning, to obtain subjective evidence for
empathic experience during scanning, and
to assess stable individual differences in
empathy in order to determine whether
these scores predict the amplitude of
empathy-related brain activity.
Analysis of pain intensity ratings after
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scanning confirmed the individual thresholds for nonpainful and painful stimulation
determined before scanning (fig. S1) (16 ).
In addition, the unpleasantness ratings indicated empathic involvement of the subjects. Nonpainful trials were rated as being
significantly less unpleasant than painful
trials, irrespective of whether the pain was
applied to themselves or to the partner
[main effect of pain: F (1, 15) ⫽ 19.93, P ⬍
0.001; main effect of self/other: F (1, 15) ⫽
0.12, P ⫽ 0.73)].
Does empathizing with pain in others
activate the entire pain matrix? Comparison of brain activity associated with painful
and nonpainful trials in the “self” condition
revealed increased activity in contralateral
SI/MI, in bilateral SII with a peak activation in contralateral posterior insula extending into SII, in bilateral mid and anterior insula, in ACC [caudal and posterior
rostral zones, using Picard and Strick’s terminology, (17 )], in right ventrolateral and
mediodorsal thalamus, brainstem, and mid
and right lateral cerebellum (Fig. 1, A to D,
green). These regions have all been identified as responding to painful stimuli in
previous imaging studies (14, 15). Many
structures in this pain matrix were also
activated when pain was applied to the
partner, that is, in the absence of somatosensory stimulation (Fig. 1, A to D, red).
When comparing painful with nonpainful
trials in the context of “other,” increases in
brain activity were observed in the ACC
(anterior and posterior rostral zones), the
anterior insula (AI) bilaterally with an extension into inferior prefrontal cortex, the
cerebellum, and the brainstem. In addition,
significant activations were observed in the
ventral and dorsal visual stream, including
bilateral fusiform cortex, lateral occipital
and right posterior superior temporal sulcus, the left inferior parietal cortex, and the
left superior frontal cortex.
To test for common networks activated
by pain in the self and other conditions, we
performed a conjunction analysis (Fig. 2, A
and B), as well as a more conservative
masking procedure in which we masked the
simple contrast pain–no pain in others by
the simple contrast pain–no pain in self.
Both analyses revealed a network common
to pain in self and other conditions that
comprised ACC (caudal and posterior rostral zones), bilateral middle insula and AI
(with a peak activation in the right AI),
brainstem, and lateral cerebellum.
We also tested for an interaction in order to identify regions where there were
stronger pain-related activations in the self
as compared to the other condition. These
analyses confirmed that the contralateral
activations in SI/MI and SII/posterior insula, as well as a region in caudal ACC, were

specific to the pain experience in the self
condition (Fig. 3). In contrast, extrastriate
visual related activations were specific to
the empathy condition.
Inspection of the time courses of painrelated activity for self and others suggest
two peaks, probably as the result of an instant
response to the anticipation cue followed by
another response to the delivery of the pain
stimulus 3.5 s later. Accordingly, pain-related
activations for self in ACC and AI peak first
early, around 2 to 4 s, and again around 8 to
12 s (Fig. 2C). Activation specific to pain in
self in SI, SII, and caudal ACC seems only to
peak late, around 8 to 12 s, probably registering the actual receipt of the painful stimulus (Fig. 3, A to C). Although the present
study was not designed to test differences
between anticipation and receipt of pain in
self and others, the present data suggest that
both anticipation and experience of pain involve ACC and AI and that activation of
these networks is involved in understanding
the pain of others.
Do people scoring higher in empathy
show higher pain-related brain activity? To

explore further the role of anterior insular
cortex and ACC—the two major regions of
the pain matrix identified as being also
involved when empathizing with the pain
of others—we determined whether individual differences in empathy, assessed by two
questionnaires, covary with brain activity
elicited in the empathy conditions (pain–no
pain in the “other” condition). As Fig. 4
illustrates, individual differences in empathy as measured by two empathy scales, the
Balanced Emotional Empathy Scale (18,
19) and the Empathic Concern Scale (a
subscale of the Interpersonal Reactivity Index) (20), showed significant covariation
with activity in ACC (posterior rostral
zone) and left AI, but not right AI. Thus,
subjects who scored higher on general empathy scales showed stronger activations in
areas significantly activated when the subjects perceived their partner as being in
pain. In addition, an anterior part of ACC
(anterior rostral zone adjacent to paracingulate sulcus) and lateral right cerebellum
showed significant covariation with selfrated individual differences in empathy.

Fig. 2. Shared networks observed when pain was applied to self or to the partner. (A) and (B)
illustrate results of a conjunction analysis between the contrasts pain–no pain in the context
of self and other at P ⬍ 0.001. Results are shown on sagittal (A) and coronal (B) sections of
the mean structural scan. Coordinates refer to peak activations and are in mm. Increased
pain-related activation was observed in ACC [(–9, 6, 42); (0, 24, 33)], left insula [(–30, 9, 6);
(–39, 0, 18); (– 48, 12, –3)], right anterior insula [(60, 15, 3); (39, 12, 3); (42, 27, – 6)],
cerebellum [(–33, – 66, –24); (27, – 66, –18)] and brainstem (– 6, –39, –30). (C) The time
courses of pain-related activation (pain–no pain) for peak activations in ACC and right anterior
insula cortex for self (green lines) and others (red lines). A complete list of activated areas is
in table S3. The anticipation cue was presented at time 0, and the pain was applied between
3 and 4 s into the trial (mean 3.5 s).
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These findings underscore the crucial role
of rostral ACC and anterior insula cortices
for empathic experience related to pain.
They are also in line with a report based on
single-neuron recordings in a precingulotomy patient that provided evidence that
neurons in the ACC can respond not only
when a person receives a painful stimulus
but also when a person observes or anticipates a potentially painful stimulus delivered to an experimenter (21). Note that these
regions are fundamentally different from sites
subserving mirror neurons that respond when
performing or watching a conspecific performing particular movements (22).
Numerous imaging studies have investigated the neural correlates of pain experience
(14, 15), but none have explored the empathic
experience of pain. Our results confirm previous findings of pain-related activation in
SI, SII, bilateral insula cortex, ACC, thalamus, brainstem, and cerebellum. In addition,
our data show that only part of the network
mediating pain experience is shared when
empathizing with pain in others. Empathizing
with someone else’s pain elicited activity
principally in left and right AI, ACC, lateral
cerebellum, and brainstem. This activity was
elicited without an explicit focus on empathy
insofar as subjects were not aware of the
study aims, nor were they required to make
an explicit judgement of what their loved one
was feeling at the time of the scan. The
finding of empathy-related activation suggests an automatic engagement of empathic
processes when perceiving pain in others.
Moreover, our analysis demonstrates that
pain-related activation in contralateral SI,
SII/posterior insula, and caudal ACC are specific to self-experienced pain, as opposed to
perceived pain in others.
Recent neuroimaging studies on pain
have demonstrated contralaterally biased
representations of painful stimulus in SI,
distinct parts of SII, and posterior insula, as
well as in lateral thalamus, which suggests
that these structures provide sensorydiscriminative information concerning nociceptive stimuli such as location, quality,
and intensity (23, 24 ). In contrast, AI and
ACC do not show such a contralateral bias,
supporting a role in coding the autonomic
and affective dimension of pain such as the
subjectively perceived unpleasantness (15,
25–27 ). Using hypnosis as a tool to disassociate sensory-discriminative from affective pain components, activation in ACC
(posterior rostral zone) was shown to be
modulated by perceived unpleasantness,
whereas activation in SI and SII was unaffected (28). Similarly, attentional manipulations modulate ACC (posterior rostral
zone) and right AI, but not posterior insular/
SII cortices (29). The role of ACC (posterior rostral zone) and right AI in coding the
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Fig. 3. Brain activity speciﬁc to the experience of pain in oneself. (A to C) illustrate results of
the interaction between the two factors (pain–no pain and self/other). Statistical maps
(threshold set at P ⬍ 0.001) are overlayed on axial (A), coronal (B), and sagittal (C) sections
from the mean structural scan. Coordinates refer to peak activations and are in mm. (A)
Increased pain-related activity [(–21, –33, 75); (–30, –24, 72); (–27, –36, 60)] in SI/MI. (B)
Activity in left posterior insula/SII [–39, –27, 24]. (C) Activity in a part of caudal ACC (6, 6, 42).
On the bottom, time courses are displayed for peak voxels of contralateral SI, SII, and caudal
ACC. Green lines reﬂect parameter estimates for pain-related activity (pain–no pain) in self;
red lines reﬂect pain-related activity in others.

subjective affective dimension of pain is
also highlighted by findings showing that
activation of right AI was correlated with
subjective intensity ratings of thermal sensation in a manner that is distinct from a
linear representation of stimulus temperature in posterior insula (30). Indeed,
anticipation of pain activates more anterior
insular regions, whereas the actual experience of pain activates more posterior insula, which suggests that the latter is associated with the actual sensory experience of
pain and the former with affective dimensions such as the anticipatory arousal and
anxiety of pain (31). Furthermore, subjective reduction of pain associated with placebo and opioid analgesia is associated
with increased activity in rostral ACC and
right AI (32).

Conclusion. The strong anatomical connections between regions constituting the
pain matrix suggest that these regions do not
function independently in encoding different
aspects of pain but are highly interactive.
Nevertheless, the results of the present study
and previous investigations suggest a segregation of sensory-discriminative and autonomic-affective attributes of the pain experience. Rostral ACC and AI appear to reflect
the emotional experience that evokes our reactions to pain and constitutes the neural
basis for our understanding of the feelings of
others and ourselves.
The above proposal is consistent with a
recent model by Craig based on detailed
anatomical observations that conceives of
pain as one of the homeostatic emotions
that reflects the internal (interoceptive)
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functional and evolutionary perspective, a
detailed representation of the source and
nature of a noxious stimulus (i.e., intensity,
location) is of functional relevance when it
concerns our own body, allowing effective
engagement of executive action systems
(i.e., removing the noxious source). In
contrast, the understanding of someone
else’s emotional reaction to pain does not
necessitate such a detailed sensorydiscriminative representation of the noxious stimulus but rather a representation of
the subjective relevance of the stimulus as
reflected in the subjective unpleasantness
that the other person feels. Such decoupled
representations—which are independent of
the sensory inputs of the outside world—
have been postulated to be necessary for
our ability to mentalize, that is, to understand the thoughts, beliefs, and intentions
of others (2). Our data suggest that we use
similar decoupled representations to understand the feelings of others and that our
ability to empathize has evolved from a
system for representing our internal bodily
states and subjective feeling states.
Fig. 4. Activation level (parameter estimates) observed within peaks of the ACC and the left insula
during empathy-related conditions (pain–no pain in other) are signiﬁcantly correlated with
individual differences in empathy as measured by (A) the Empathic Concern Scale of Davis (20) and
(B) the Balanced Emotional Empathy Scale of Mehrabian (18, 19). The lines represent the linear best
ﬁt; r refers to the correlation coefﬁcient. All correlations are signiﬁcant on the P ⬍ 0.05 level. Peak
activations lie within regions of ACC and left insula that were activated in the simple contrast
pain–no pain in others. Coordinates refer to peak activations and are in mm.

condition of the body, similar to temperature, sensual touch, itch, hunger, or thirst
(25, 33). More specifically, it is assumed
that an image of the body’s internal state is
mapped to the brain by afferents that provide input by way of the ventromedial thalamic nucleus to area 3a (sensorimotor cortex), as well as to the mid/posterior dorsal
insula. In humans, this high-resolution,
modality-specific sensory representation of
the physiological condition of the body in
the posterior insula is initially re-represented in the AI on the same side of the brain,
and then, by way of a callosal pathway,
remapped to the other side of the brain in
the right AI. Such a second-order rerepresentation in the right AI is assumed to
subserve subjective feelings and the awareness of a physical self as a feeling entity. At
the same time, afferents also project by way
of the medial dorsal thalamic nucleus to
produce behavioral drive in ACC. Thus,
direct activation of both the insula (limbic
sensory cortex) and the ACC (the limbic
motor cortex) may correspond to a simultaneous generation of both a feeling and an
affective motivation with its attendant autonomic effects (25, 33). Indeed, imaging
studies focusing on the relation between
peripheral measures of arousal and brain
activity give robust evidence for the crucial

role of rostral ACC and AI cortices in the
representation of internal bodily states of
arousal, as well as emotional awareness
(26, 27 ). Furthermore, activation in these
regions has been observed in a wide range
of imaging studies associated with positive
and negative subjective feelings expressed
by subjective ratings of facial trustworthiness (34), musical enjoyment (35), sensual
touch (36 ), and distress resulting from
social exclusion (37 ). More generally,
these regions may play a critical role in
second-order representations of bodily homeostatic states that underpin core representations of self (38, 39).
Our data suggest that empathizing with
the pain of others does not involve the activation of the whole pain matrix, but is based
on activation of those second-order rerepresentations containing the subjective
affective dimension of pain. Accordingly, we
propose that these cortical re-representations
have a dual function. First, they form the
basis for our ability to form subjective
representation of feelings that allow us to
predict the effects of emotional stimuli with
respect to the self. Second, they serve as the
neural basis for our ability to understand
the emotional importance of a particular
stimulus for another person and to predict
its likely associated consequences. From a
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Dolan, Nature Neurosci. 7, 189 (2004).
27. H. D. Critchley et al., Brain 126, 2139 (2003).
28. P. Rainville, G. H. Duncan, D. D. Price, B. Carrier, M. C.
Bushnell, Science 277, 968 (1997).
29. R. Peyron et al., Brain 122, 1765 (1999).

www.sciencemag.org SCIENCE VOL 303 20 FEBRUARY 2004

1161

RESEARCH ARTICLES
30. A. D. Craig, K. Chen, D. Bandy, E. M. Reiman, Nature
Neurosci. 3, 184 (2000).
31. A. Ploghaus et al., Science 284, 1979 (1999).
32. P. Petrovic, E. Kalso, K. M. Petersson, M. Ingvar, Science
295, 1737 (2002).
33. A. D. Craig, Curr. Opin. Neurobiol. 13, 500 (2003).
34. J. S. Winston, B. A. Strange, J. O’Doherty, R. J. Dolan,
Nature Neurosci. 5, 277 (2002).
35. A. J. Blood, R. J. Zatorre, Proc. Natl. Acad. Sci. U.S.A.
98, 11818 (2001).
36. H. Olausson et al., Nature Neurosci. 5, 900 (2002).

37. N. I. Eisenberger, M. D. Lieberman, K. D. Williams,
Science 302, 290 (2003).
38. P. S. Churchland, Science 296, 308 (2002).
39. A. R. Damasio, Descartes’ Error (Putnam, New York,
1994).
40. This work was supported by a personal grant for T.S.
from the German Academy of Natural Sciences
Leopoldina, Halle, with the grant BMBF-LPD 9901/873 from the Ministry of Education and Science, by the
Wellcome Department of Imaging Neuroscience, and
by the University College of London. R.J.D. and C.D.F.
are in receipt of Wellcome Trust program grants. We

Placebo-Induced Changes in fMRI
in the Anticipation and
Experience of Pain
Tor D. Wager,1*† James K. Rilling,2 Edward E. Smith,1
Alex Sokolik,3 Kenneth L. Casey,3 Richard J. Davidson,4
Stephen M. Kosslyn,5 Robert M. Rose,6 Jonathan D. Cohen2,7
The experience of pain arises from both physiological and psychological factors,
including one’s beliefs and expectations. Thus, placebo treatments that have no
intrinsic pharmacological effects may produce analgesia by altering expectations. However, controversy exists regarding whether placebos alter sensory
pain transmission, pain affect, or simply produce compliance with the suggestions of investigators. In two functional magnetic resonance imaging (fMRI)
experiments, we found that placebo analgesia was related to decreased brain
activity in pain-sensitive brain regions, including the thalamus, insula, and
anterior cingulate cortex, and was associated with increased activity during
anticipation of pain in the prefrontal cortex, providing evidence that placebos
alter the experience of pain.
The idea that sensory experience is shaped
by one’s attitudes and beliefs has gained
currency among psychologists, physicians,
and the general public. Perhaps nowhere is
this more apparent than in our ability to
modulate pain perception. A special case of
this phenomenon is placebo analgesia, in
which the mere belief that one is receiving
an effective analgesic treatment can reduce
pain (1–5). Recently, some researchers
have attributed placebo effects to response
bias and/or to publication biases (6), which
raises the issue of whether placebo treatments actually influence the sensory, affec1
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tive, and cognitive processes that mediate
the experience of pain.
One important piece of evidence that
placebo effects are not simply due to response or publication bias is that such effects can be reversed by the mu-opioid
antagonist naloxone (2, 3, 7), suggesting
that some kinds of placebo effects may be
mediated by the opioid system. However,
naloxone has also been shown to produce
hyperalgesia independent of placebo, in
some cases offsetting rather than blocking
the effects of placebo analgesia (8). Although pharmacological blockade provides
suggestive evidence regarding the neurochemical mechanisms mediating placebo
effects, such data do not illuminate the
nature of the information-processing system that gives rise to such effects. Neuroimaging data can provide complementary
evidence of how pain processing in the
brain is affected by placebos and about the
time course of pain processing. Identifying
placebo-induced changes in brain activity
in regions associated with sensory, affective, and cognitive pain processing (9) may
provide insight into which components of
pain processing are affected by placebo. In
addition, identifying changes that occur at particular times—in anticipation of pain, early or
late during pain processing—may shed light on
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how cognitive systems mediating expectancy
interact with pain and opioid systems.
In two functional magnetic resonance
imaging (fMRI) experiments (n ⫽ 24 and
n ⫽ 23), we examined two hypotheses regarding the psychological and neural mechanisms that underlie placebo analgesia. Our
first hypothesis was that if placebo manipulations reduce the experience of pain,
pain-responsive regions of the brain should
show a reduced fMRI blood oxygen level–
dependent (BOLD) signal (a measure related to neural activity) during pain. [Painresponsive regions, or the “pain matrix,”
include thalamus, somatosensory cortex,
insula, and anterior cingulate cortex (10–
14).] Our second hypothesis was that placebo modulates activity of the pain matrix
by creating expectations for pain relief,
which in turn inhibit activity in painprocessing regions. Converging evidence
suggests that the prefrontal cortex (PFC),
the dorsolateral aspect (DLPFC) in particular, acts to maintain and appropriately update internal representations of goals and
expectations, which modulate processing in
other brain areas (15, 16). Thus, stronger
PFC activation during the anticipation of
pain should correlate with greater placeboinduced pain relief as reported by participants
and greater placebo-induced reductions in neural activity within pain regions (17).
Placebo reduces reported pain and
brain activity in Study 1 (shock pain). The
design of Study 1 is illustrated in Fig. 1A
(see the figure legend for a description)
(18). First, to confirm that application of
shock elicited a neural response in painrelated areas, we compared brain activity in
the intense shock versus no shock conditions. This revealed activation of the classic
pain matrix (11, 14, 19, 20), including thalamus, primary somatosensory cortex/
primary motor cortex (S1/M1), secondary
somatosensory cortex (SII), midbrain, anterior insula, anterior cingulate cortex
(ACC), ventrolateral prefrontal cortex, and
cerebellum (fig. S1). As expected, activations in thalamus, S1, SII, and M1 were
larger in the left hemisphere, contralateral
to the wrist where shocks were applied,
whereas cerebellar activation was ipsilateral, although some bilateral activation was
observed in each of these areas. We also
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