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Abstract
Perception of pain in others via facial expressions has been shown to involve brain areas re-

sponsive to self-pain, biological motion, as well as both performed and observed motor ac-

tions. Here, we investigated the involvement of these different regions during emotional and

motor mirroring of pain expressions using a two-task paradigm, and including both observa-

tion and execution of the expressions. BOLD responses were measured as subjects watched

video clips showing different intensities of pain expression and, after a variable delay, either

expressed the amount of pain they perceived in the clips (pain task), or imitated the facial

movements (movement task). In the pain task condition, pain coding involved overlapping ac-

tivation across observation and execution in the anterior cingulate cortex, supplementary

motor area, inferior frontal gyrus/anterior insula, and the inferior parietal lobule, and a pain-

related increase (pain vs. neutral) in the anterior cingulate cortex/supplementary motor area,

the right inferior frontal gyrus, and the postcentral gyrus. The ‘mirroring’ response was stron-

ger in the inferior frontal gyrus and middle temporal gyrus/superior temporal sulcus during the

pain task, and stronger in the inferior parietal lobule in the movement task. These results

strongly suggest that while motor mirroring may contribute to the perception of pain expres-

sions in others, interpreting these expressions in terms of pain content draws more heavily on

networks involved in the perception of affective meaning.

Introduction
How do we perceive the pain that others experience? There are many channels through which
the emotional and sensory state of another person can be communicated to an observer. Vocal-
izations—such as “ouch!”, and gestures—such as a hand flinching away from a hot stove, are
cues which can indicate that someone has experienced a painful stimulus. Another important
cue, particularly in situations where the painful stimulus is internal or occurs out of sight of the
observer, is facial expression.
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In an earlier fMRI study looking at brain response to video clips of facial expressions of pain
[1], we found that observation of dynamic facial expressions of pain elicited activation in the
anterior cingulate cortex (ACC) and the anterior insula (aINS), two areas associated with the
processing of the affective aspects of the pain experience in the self [2], as well as with the per-
ception of pain in others [3,4,5,6,7,8,9].

However, we also noted activation of the inferior parietal lobule (IPL) and the inferior fron-
tal gyrus (IFG); two regions theorized to comprise, along with the superior temporal sulcus
(STS), a “core circuit” of the putative ‘human mirror neuron system’ (MNS), thought to con-
tribute to the internal representation of observed actions and related socially-relevant phenom-
ena [10]. It has been further suggested that it is the interaction of this core system with other
networks for motor, sensory, and affective functions that supports various processes of social
cognition, such as imitation, action understanding, language, and even emotion recognition
and empathy [11]. Previous work looking at this system in humans has demonstrated activa-
tion of the IFG and/or IPL during both observation and execution, and/or imitation, of actions
such as grasping or reaching for objects with the hands [12,13,14,15,16], facial movements
such as chewing or biting [12], and even facial expressions of emotion [15,17,18,19,20]. Our
earlier findings suggest that this mirror-type activity may also be involved in the perception of
pain in others, via an internal motor simulation of a facial expression [1].

One question that has arisen in regards to motor mirroring is which areas might code for
goals, intentions, or meaning of actions. In the context of an action such as grasping an object,
evidence suggests that both the IFG and the IPL may be sensitive not only to these types of
goals, but also the intention toward them [21,22]. However, these are transitive actions; goal-
directed movements that involve the manipulation of external objects. Facial expressions of
emotion are intransitive—while they may be produced in response to an external object, they
indicate an internal state of the responder. This raises a fundamental question about the role of
MNS regions in the coding of what an expression indicates—i.e. its emotionalmeaning—in
addition to coding simply its motor aspects.

In our earlier work [1], not only did we observe these areas of the MNS to be recruited in
the perception of facial expressions of pain, but their relative involvement in the process de-
pended on whether subjects were explicitly attending to and evaluating the amount of pain
they observed, or if they were performing a control task involving the discrimination of facial
movements. More specifically, when subjects focused on estimating the amount of pain ex-
pressed in the videos, the IFG demonstrated stronger activity, whereas activity in the IPL was
stronger when subjects focused on the movement of the facial features. Thus, these results re-
vealed a dissociation between frontal and parietal regions possibly involved in processing emo-
tional content of the meaning of the expression as opposed to mirroring facial
movements, respectively.

However, making the claim of mirroring activity requires an experimental protocol that in-
volves both the observation and the execution of a particular action. To this end, we designed
a new protocol that included both observation and execution of pain faces. Subjects viewed
a series of 1-second facial expressions of pain, and performed one of two tasks: express, using
their own face, the amount of pain they perceived in the video clip (pain task), or imitate the
facial movements (movement task). Importantly, we included a variable time-interval between
the observation and execution events (i.e. delayed execution) in order to better separate the
two functions.

In addition to replicating the previous results, the first main objective of the current study
was to investigate overlapping activation in the IFG and the IPL for both observation and exe-
cution of pain expressions, and whether this activation would be stronger in response to pain
expressions, versus neutral expressions. Our second main objective was to investigate the role
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of the IFG and IPL in the extraction of the meaning of the pain expressions. To this aim, we
manipulated task demands, predicting a stronger response in the IFG when subjects focused
on the affective meaning of the pain expression (pain expression task condition), and a stron-
ger response in the IPL when subjects focused on the facial movements (movement imitation
task condition).

Methods

Subjects
Participants were 23 healthy volunteers (13 women; 18–33 years old). Subjects were informed
as to the purpose and procedures of the study, and written consent was obtained prior to
the experiment.

Ethics statement
The study was approved by the research ethics committee of the Centre de recherche de l’Insti-
tut universitaire de gériatrie de Montréal (CRIUGM) in Montréal, Canada.

Stimuli
The stimuli used in this study were one-second video clips of facial expressions of pain, previ-
ously chosen and validated for our earlier study [1], and taken from a larger collection of facial
expression stimuli created and validated in our laboratory [23]. The stimuli set comprised
96 clips portraying four levels of pain: neutral (pain 0), mild (pain 1), moderate (pain 2), and
strong (pain 3), as produced by 8 actors and actresses, with 3 versions of each pain level per
actor/actress.

Experimental procedure
Prior to entering the scanner, subjects were instructed how to perform the two experimental
tasks, and completed a brief practice session with ten additional stimuli not used in the actual
experiment. For the pain expression task (pain task, PT)—subjects were instructed to express
the amount of pain shown in the clip, using their own face (“use your own face to express the
amount of pain that you see”). This was intended to induce stronger activation of a mental
representation of the affective meaning of the facial expression and the involvement of a self-
referential framework during production of the corresponding expression. For the movement
imitation task (movement task, MT), subjects were instructed to imitate the facial movements
shown in the clip, using their own face (“use your own face to imitate the facial movements
yourself”). This was intended to emphasize the visuo-motor mapping of the expression. Al-
though both tasks possibly involve automatic visuo-motor mapping as well as the automatic
activation of mental representation of the meaning of the expression, the contrast between
these tasks was expected to reveal brain regions more closely related to one process or
the other.

Trial structure is shown in Fig. 1. At the beginning of each trial, a one-second cue screen
indicated which task—“pain” or “movement”—to perform on the upcoming clip. Next, the clip
was presented (observation phase), immediately followed by a variable length pause of 3, 4,
or 5 seconds, during which the screen displayed the cue word for the current task (“pain”
or “movement”) below a dash symbol. This pause was followed by the response window of
3 seconds, during which the dash symbol was replaced by a circle, signaling the subject to begin
their facial response (execution phase). Each trial ended with an ITI (inter-trial-interval) of
3, 4, or 5 seconds, during which subjects viewed a screen marked with a fixation cross.
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Each clip was shown twice, once per task, for a total of 192 trials, presented in 6 functional
runs of 32 trials each. Within each run, the order of stimuli was pseudo-randomized according
to pain level, actor gender and identity, and task, and the order in which the runs were pre-
sented was reversed for half of the subjects. The complete scanning session consisted of the
6 functional runs (8 minutes each) and an anatomical run (9:50 minutes).

After completing the imaging session, subjects exited the scanner and were brought into
a separate room where they completed a rating session. The subjects were re-shown the clips
using a laptop computer, and asked to rate each clip for the intensity of pain expressed, using
a VAS from “no pain” to “worst pain imaginable.” To do this, subjects used the computer key-
board to position an on-screen slider bar on the VAS and to enter their response; the initial po-
sition of the slider at the start of each response window was randomized and the final position
was recorded and linearly converted to a number between 0 and 100. The 92 clips were pre-
sented in a single block and their order within the block was randomized by the
presentation software.

Stimuli presentation and the recording of subject responses during both the scanning and
post-scanning test sessions were done using the E-Prime 1.2 presentation package (Psychology
Software Tools, Inc.). An LCD Projector (EPSON, EMP-8300 XGA) was used to project the
visual stimuli onto a screen inside the scanning chamber that subjects could view via a mirror
positioned over the head coil.

Behavioral responses: Facial Action Coding System
Subjects’ faces were videotaped during functional runs using an MR-compatible camera (MRC
Systems, Heidelberg, Germany) mounted onto the headcoil. The camera captured the face of
the subject as it was reflected by a mirror attached above the headcoil, and was positioned so as
not to obstruct the visual field of the subject (as described in [24]). The onset of each response
window was marked by an audio cue incorporated into the E-Prime presentation program that
was recorded in the video but was not audible to the participant; this cue was used to identify
the beginning of each 3-second response window for subsequent facial analysis.

Offline analysis of subjects’ facial displays during the response windows (execution phase)
was done using the Facial Action Coding System (FACS; Ekman & Friesen 1987; see [25]),
a finely-grained anatomically-based system that is considered the gold standard when decoding

Fig 1. Trial structure for pain expression andmovement imitation tasks. At the beginning of each trial, a one-second cue screen indicated which
task—“pain” or “movement”—to perform on the upcoming clip. Next, the clip was presented (observation phase), immediately followed by a variable length
pause of 3, 4, or 5 seconds, during which the screen displayed the cue word for the current task (“pain” or “movement”) below a dash symbol. This pause was
followed by the response window of 3 seconds, during which the dash symbol was replaced by a circle, signaling the subject to begin their facial response
(execution phase). Each trial ended with an ITI (inter-trial-interval) of variable duraction, during which subjects viewed a screen marked with a fixation cross.

doi:10.1371/journal.pone.0107526.g001
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facial expressions and which involves the evaluation of the movement of different muscle
groups—“Action Units” (AUs)—of the face. This analysis was used to verify that the responses
matched the different pain intensities shown in the clips, to test for potential task differences,
and to assess the similarity between the expressions produced by the subjects and those shown in
the target clips. Facial movements produced in the 3-second response window were analyzed in
each subject, and for both tasks, for a subset of two actors (one female, one male, randomly cho-
sen) and including the four pain levels. FACS analysis was performed by two coders who were
blind to the experimental conditions and trained by a certified FACS coder, using a software pro-
gram designed for the analysis of observational data (Observer Video-Pro 9; Noldus Information
Technology, NL). For the next stage of analysis, we selected the Action Units (AUs) that oc-
curred in at least 5% of the coded segments and were more frequent during pain expressions, vs.
neutral; this method is consistent with that used in previous studies (e.g. [26,27]). The frequency
and intensity values of the selected AUs (AUs 4, 6, 7, 9, 10, 16, 25, 26, 43) were then combined
into mean composite scores of pain-relevant facial responses [27]. The effects of task, and the
pain intensity represented in the target clips on facial responses, were tested by entering these
composite scores into a within-subject analysis of variance involving the factors type of task
(pain vs. movement) and pain intensity (level 1–4). Furthermore, we assessed the similarity be-
tween the facial display produced by the subject and the expression shown in the target clips.
This accuracy index was calculated by dividing the number of AUs that were shown by both the
subject and the actor by the number of AUs that were shown in total, by both. Accuracy values
were calculated separately for each pain intensity level and for each task, and were analyzed
using analysis of variance (with two within-subject factors: type of task and pain intensity). This
index was intended to verify that subjects produced more similar expressions in the movement
imitation task than the pain expression task, consistent with the instructions of the movement
task, which emphasized accuracy of imitation, vs. the instructions of the pain task, which empha-
sized transposition of the meaning of the expression onto a self-referential framework.

Magnetic Resonance Imaging (MRI) equipment, data acquisition and
analysis
Imaging was performed on a 3.0 Tesla whole-body scanner (Siemens TRIO), using an 8-channel
headcoil at the Centre de recherche de l’Institut universitaire de gériatrie deMontréal (CRIUGM) in
Montréal, QC, Canada. Blood oxygenation level-dependent (BOLD) signal was acquired using a
standard T2�-weighted gradient-echo EPI sequence (TR = 3 sec; TE = 30msec; FOV = 220mm; flip
angle = 90°; 64 × 64 mosaic matrix; 160 volumes; 40 interleaved, ascending, axial slices per whole-
brain volume at 3.4 mm thickness; in-plane resolution of 3.44 × 3.44 × 3.4 mm nearly isotropic
voxels). Structural images were acquired using a high-resolution, T1-weightedMPRAGE sequence
(TR = 2.3 ms; TE = 2.91 ms; flip angle = 9°; FOV = 256mm; matrix = 256 × 256; 1 × 1 × 1.2 mm
voxels; 160 slices per whole-brain volume).

Processing of imaging data began with online inspection after each run for poor contrast,
field inhomogeneity, major artifacts, or subject movement great enough to compromise the ef-
fectiveness of online motion correction. All subsequent data preprocessing and analysis was
done using BrainVoyager QX (Version 2.2.1; Brain Innovation; Maastricht, Netherlands). Off-
line preprocessing of functional images included slice-time correction, motion correction and
realignment, co-registration of each subject’s functional and anatomical volumes, spatial nor-
malization (Talairach), spatial smoothing (8 mm FWHMGaussian kernel), and high-pass
temporal smoothing.

Statistical analysis of imaging data was performed using a general linear model (GLM)
based on a canonical haemodynamic response function (HRF), which was used to model the
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expected BOLD signal change for each visual stimulus event and task response window. A
GLM was created for each individual run/subject that included the following predictors: stimuli
events defined by pain level (pain 0, 1, 2, and 3) and task (PT and MT); and response windows,
also defined by pain level and task (i.e. 8 regressors of interest). Single-subject GLMs were then
combined in group-level random-effect analyses.

In total, nine main analysis models are reported (Table 1). As the current study was de-
signed to expand on an earlier work, the first four models were taken directly from our earlier
study, to confirm the reliability of our previous findings in a separate group of subjects using
the same stimuli and a similar methodology. To this end, the first two contrasts (Pain:Obs(PT)
and Pain:Obs(MT)) were used to identify cortical areas responsive to observation of pain ex-
pressions (stimuli events); these involved a weighted contrast between all observed pain expres-
sions and all observed neutral expressions in the PT (Pain:Obs(PT)), as well as the same
subtraction contrast for the MT (Pain:Obs(MT)). Further, task differences in the stimulus-
related responses were obtained by contrasting brain responses to all stimuli in one task versus
the other (PT—MT (Obs) and MT—PT (Obs)).

Our main analyses involved conjunction analyses investigating the overlapping effects of
observation and execution of pain faces in the different conditions (conjunction of random ef-
fects). To this end, a first model looked at the observation and execution of facial expressions
in the pain task, across all pain intensity levels (Obs\Exec(PT)). The second model examined
pain-related responses (weighted contrast of pain vs. neutral expression) that were common to
the observation and execution (i.e. conjunction of stimulus and response phases of the task) in
the pain task (Obs\Exec(Pain;PT)), and in the movement task (Obs\Exec(Pain;MT)). The
third, and final, set of models looked for task effects (pain vs. movement) found in both obser-
vation and execution (PT—MT (Obs\Exec) and MT—PT (Obs\Exec)).

Although this article focuses on the main effects of pain and task across the observation and
execution phases, a supplementary analysis was also performed to examine the interaction of
pain and task during observation (models 1 vs. 2 from Table 1). A supplementary conjunction
analysis of observation and execution was also performed for this interaction (models 6 vs. 7).
These additional results are reported in S4 Table.

For all contrasts, a directed search was first conducted on a set of a priori areas, based on
our previous work using a very similar methodology (Budell et al., 2010), including the ACC,
INS, mPFC, IFG, and IPL leading to a total estimated search volume 250 mm3. The statistical
threshold was adjusted to p� 0.05 (corrected) and t� 4.01, based on random field theory
[28]. Additional peaks found at p� 0.005 (t� 3.25) were reported to protect against Type II
error in the case of a priori areas. This was followed by a global search over the rest of the
brain, using p� 0.001 (uncorrected) and t� 4.7.

Results

Behavioral results
Facial displays produced by participants, and assessed using the FACS, were compared across
pain intensity levels and tasks. First, the overall amount of facial action produced during responses
was comparable across the two task conditions (main effect of task: F(1, 21) = 1.33; p> 0.05).
However, the amount of pain expressed increased significantly across pain levels (main effect of
pain intensity: F(3, 63) = 120.02; p< 0.001). This effect of pain intensity was not significantly dif-
ferent between tasks (interaction: F(3, 63) = 2.62; p> 0.05), confirming that the participants’ re-
sponses adequately coded pain intensity in both tasks (Fig. 2). In addition, the accuracy index,
which assessed the similarity between the expressions produced by the participants and those of
the actors, confirmed that facial responses were more similar to the target expression in the
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Fig 2. Results of FACS analysis of facial expressions. (A) Facial response, by intensity level, during subject responses. Results of FACS analysis of facial
expressions shown by participants for different pain intensity levels, during response phase of both movement task and pain task conditions. ANOVA
confirmed a main effect of pain levels (p< 0.001) but no significant effect of, or interaction with, task (p> 0.05). (B) Facial response accuracy. Facial
responses displayed by the participants were more similar to those in the target expressions in the movement task condition, vs the pain task condition
(p = 0.002).

doi:10.1371/journal.pone.0107526.g002

Table 1. Contrast models used in the analysis of imaging data in this study.

Model # Contrast name Contrast description Formula

1 Pain:Obs(PT) Effect of pain expression in pain task, (PT), during stimuli event. clip: pain(1,2,3)PT—pain0 PT

2 Pain:Obs(MT) Effect of pain expression in movement task (MT), during stimuli event. clip: pain(1,2,3)MT—pain0MT

3 PT—MT (Obs) Task effect on stimulus-evoked responses: PT minus MT, during stimuli event. clip: [pain(0,1,2,3)] PT—[pain
(0,1,2,3)] MT

4 MT—PT (Obs) Task effect on stimulus-evoked responses: MT minus PT, during stimuli event. clip: [pain(0,1,2,3)] MT—[pain
(0,1,2,3)] PT

5 Obs\Exec(PT) Overlap for observation and execution of facial expressions in pain task (PT)
(conjunction)

clip \ response: [pain
(0,1,2,3)] PT

6 Obs\Exec(Pain;PT) Effect of pain expression (vs. neutral) in pain task, (PT), across both stimuli and
response events (conjunction).

clip \ response: pain
(1,2,3)PT—pain0 PT

7 Obs\Exec(Pain;MT) Effect of pain expression (vs. neutral) in movement task (MT), across both stimuli
and response events (conjunction).

clip \ response: pain
(1,2,3)MT—pain0MT

8 PT—MT (Obs\Exec) Task effect on stimulus-evoked responses: PT minus MT, across both stimuli and
response events (pain expressions only, no neutral) (conjunction)

clip \ response: [pain(1,2,3)]
PT—[pain(1,2,3)] MT

9 MT—PT (Obs\Exec) Task effect on stimulus-evoked responses: MT minus PT, across both stimuli and
response events (pain expressions only, no neutral) (conjunction)

clip \ response: [pain(1,2,3)]
MT—[pain(1,2,3)] PT

Contrasts 1–4 replicate the analyses conducted in our previous study using a similar methodology [1]. Contrasts 5–9 test for overlap in brain activation

across the observation and execution phases (conjunction) for all expressions in the pain task (5), for pain-related effects (pain vs. neutral) in the pain

(6) and movement task (7), and for task effects (8: PT>MT; 9: MT>PT). Note: pain 0 = neutral; pain 1 = mild pain; pain 2 = moderate pain; pain 3 = strong

pain; PT—pain task; MT = movement task; Obs = observation (clip); Exec = execution (response).

doi:10.1371/journal.pone.0107526.t001
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movement imitation task condition than the pain coding task condition (MT—76.1% accuracy;
PT—69.6% accuracy; main effect of task: F(1,21) = 13.3; p = 0.002; see Fig. 2).

Analysis of the post-scan rating trials demonstrated that subject ratings for the amount of
pain expressed (0–100; converted from VAS) matched the pre-defined levels: neutral/no pain
(pain 0; mean ± SD = 15 ± 1.5), mild (pain 1; 23.5 ± 7.1), moderate (pain 2; 48.0 ± 9.2), and
strong (pain 3; 72.1 ± 9.7). These results demonstrated that subjects not only differentiated sig-
nificantly between the levels (F(2, 35) = 838.5; p< 0.001), but they also perceived the intended
pain level of the stimuli.

Imaging Results
Observation of pain expressions: replication of effects of pain and task

Four initial contrasts were performed to confirm the reliability of the results from our previous
study that formed the bases for the hypotheses of this study. The first two looked at observation of
pain vs. neutral expressions in the pain task (pain-related response; Pain:Obs(PT)) and in the
movement task (Pain:Obs(MT)), and the third and fourth contrasts were performed to compare
activation during the observation of pain expressions in the pain task vs. movement task (PT—MT
(Obs)andMT—PT (Obs)). Pain-related responses in the PT (Pain:Obs(PT)) confirmed the previ-
ous findings showing robust activation in ACC and aINS, which was not observed in the MT
(Pain:Obs(MT)) (see S1 and S2 Tables). Task-related contrasts confirmed that the PT (PT—MT
(Obs)) produced stronger activation in the midline medial frontal gyrus and the ACC, and in the
left IFG, while the MT (MT—PT (Obs)) produced stronger activation bilaterally in the IPL (see
S3 Table). The supplementary analysis of the interaction between pain and task, during observa-
tion, confirmed robust effects in several areas activated by pain expressions in the pain task
(e.g. supracallosal ACC and IFG) and in the movement task (e.g. IPL) (see S4 Table).

Observation and execution of pain expression
The first main objective of this study was to test if areas activated during the observation of

pain expressions are also activated during the execution of pain expressions. A conjunction anal-
ysis was performed for the stimuli and response events, across all expression levels in the PT con-
dition (contrast Obs\Exec(PT); Table 2 and Fig. 3). Peaks of activation were found in a large
midline cluster extending bilaterally, from the medial/superior frontal gyri to the supracallosal
ACC (cingulate motor area; [29,30,31,32], bilaterally in the pre- and post-central gyri, and in
large clusters including the posterior IFG (premotor, putative BA 44) and the aINS in both hemi-
spheres. Additional peaks were noted bilaterally in the posterior part of the superior frontal
gyrus (premotor), the precentral gyrus (PrCG; primary motor; putative face area), the right supe-
rior temporal gyrus (STG), and bilaterally in the IPL and intraparietal sulcus (IPS). Occipital
areas where significant peaks appeared included the bilateral cuneus, occipito-temporal junction,
and lingual gyrus. Subcortical activation included the bilateral thalamus, globus pallidus and pu-
tamen, and cerebellum. Although this was not a main goal of this study, the corresponding anal-
ysis performed on data acquired in the MT showed similar effects, indicating that this overlap
between observation and execution was clearly not specific to the PT (not shown). However,
there were very clear task differences in the magnitude of responses in several areas, as described
below (see Effects of task in observation and execution).

Observation and execution of pain versus neutral expressions
A complementary question related to our first objective was to investigate how pain content

affected the mirroring response. To this end, we wanted to verify if pain-related responses
(pain vs. neutral) during the observation of pain expressions are also activated during the exe-
cution of pain expression. A conjunction analysis was performed on stimuli and response
events, after contrasting pain expressions minus neutral expressions in the PT (i.e. pain-related
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Table 2. Effects of observation and execution of facial expressions in the pain expression task (including pain and neutral conditions).

Anatomical location Hemisphere BA x y z t-value

FRONTAL LOBE

medial/superior frontal gyrus R 6 5 -8 66 7.19

R 6 5 1 63 6.69

anterior cingulate cortex (posterior/supracallosal) MID 24 2 -3 42 6.72

MID 24 -1 10 39 11.58

middle frontal gyrus L 6 -49 4 42 7.32

precentral gyrus (extending into postcentral) R 6/4 50 -11 36 8.83

R 6/4 44 -17 33 8.97

L 6/4 -43 -17 36 8.29

L 6/4 -58 -5 15 8.28

inferior frontal gyrus (posterior) R 44 47 7 3 9.17

L 44 -49 10 6 11.14

INSULAR LOBE

middle insula R 13 29 1 9 9.94

L 13 -37 1 6 10.08

anterior insula R 13 47 7 3 9.17

PARIETAL LOBE

inferior parietal lobule / intraparietal sulcus R 40 32 -44 36 7.13

L 40 -40 -50 36 7.43

R 40 53 -38 24 8.77

L 40 -58 -41 27 8.64

TEMPORAL LOBE

middle temporal gyrus (posterior) R 37 44 -53 0 7.81

L 37 -43 -53 6 6.65

superior temporal gyrus (posterior) R 22/42 50 -32 6 6.21

OCCIPITAL LOBE

cuneus R 19 8 -77 24 7.93

L 19 -13 -80 30 9.06

lingual gyrus R 17 17 -62 3 7.49

MID/L 18 -4 -71 3 7.85

L 18 -16 -71 3 8.62

SUBCORTICAL

globus pallidus R – 17 -8 12 9.74

L – -16 -5 15 8.97

putamen R – 20 -11 3 9.39

thalamus R – 11 -17 9 10.62

L – -13 -17 9 10.41

cerebellum R – 32 -56 -21 10.13

R – 5 -71 -36 5.54

L – -31 -59 -18 8.74

L – -10 -68 -39 5.62

Peak values for areas of significant BOLD response change identified by conjunction analysis of stimuli presentation (clip) and task performance

(response) (Obs\Exec(PT)).
Note regarding identification and labeling of brain regions: coordinates for activation peaks are given in Talairach Space according to the Talairach atlas

incorporated into the BrainVoyager QX software package. Brodmann area (BA) labels identified using the original Talairach atlas [64] and the online

application for the Talairach Daemon (TD) database [65]. P � 0.001 (uncorrected) unless otherwise indicated.

doi:10.1371/journal.pone.0107526.t002
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effect common to the observation and execution phases of the PT; contrast Obs\Exec(Pain;
PT); Table 3 and Fig. 4). Peaks of activation were found in a large midline cluster extending bi-
laterally from the superior frontal gyrus to the supracallosal ACC; bilaterally in pre- and post-
central gyri, and in a cluster including the left posterior IFG (premotor, putative BA 44) and
the aINS (similar, sub-threshold activation was also observed in the right IFG/aINS; see
Table 3). Additional peaks were noted bilaterally in the supramarginal gyri of the IPL. Occipital
areas where significant peaks appeared included the bilateral cuneus and lingual gyrus. Subcor-
tical areas of activation included bilateral thalamus, globus pallidus and putamen, and cerebel-
lum. The same conjunction analysis of pain-related responses across observation and
execution phases of the MT (contrast Obs\Exec(Pain;MT); Table 3) revealed significant effects
only in the face area of the central region, as well as in the parietal operculum, lingual gyrus
and thalamus.

Effects of task in observation and execution
The most critical question of this study concerns coding of the meaning of the pain expressions,

versus the facial movements contained in the expressions, during both the observation and execu-
tion of facial expression. We examined the differential activation induced by task (PT vs. MT)
using a conjunction analysis across stimuli and response events (contrasts PT—MT (Obs\Exec)
andMT—PT (Obs\Exec); Table 4 and Fig. 5). Positive peaks associated with the pain task (con-
trast PT—MT (Obs\Exec)) were found in the midline medial/superior frontal gyrus, bilaterally in
the IFG, and in the posterior cingulate cortex and precuneus. Note that the IFG peak, while located
in putative BA 44, was slightly more anterior to the posterior IFG peaks found in the previous con-
trasts. Additional peaks were observed in the posterior portion of the middle temporal gyrus
(MTG) and in the left superior occipital gyrus. Subcortical activation was observed bilaterally in the
cerebellum. The conjunction of observation and execution in the reverse contrast (MT—PT
(Obs\Exec)) revealed activation in bilateral clusters extending along the fundus of the postcentral
sulcus from the SPL into the IPL and IPS (Table 4 and Fig. 5).

The supplementary analysis of the interaction of pain expression (vs neutral) and task
showed effects in several regions during the observation phase, and some of these regions also
showed a similar effect during the execution phase, as revealed by the conjunction analysis of
observation and execution on the interaction term (see S4 Table). Areas showing stronger acti-
vation for pain expression (vs neutral) in the pain task included the left medial frontal gyrus,
bilateral IFG, posterior cingulate cortex, left middle and inferior temporal gyri and the left cere-
bellum; whereas peaks of stronger activation for pain expression (vs neutral) in the movement

Fig 3. Areas commonly activated during observation and execution phases of the pain task (Obs\Exec(PT)). Significant clusters are shown in the
mACC, the SMA, IFG/aINS, and IPL (p< 0.001, uncorrected). Inset figure shows rostral-caudal extent of activation in the right IFG. See Table 2 for
coordinates and peak t-values.

doi:10.1371/journal.pone.0107526.g003
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Table 3. Effects of observation and execution of pain expressions (pain vs neutral).

Anatomical location Hemisphere BA x y z t-value

(A) PAIN EXPRESSION TASK

FRONTAL LOBE

medial/superior frontal gyrus MID 6 -1 -11 60 5.08

anterior cingulate cortex (supracallosal) MID 32 -4 7 39 5.85

precentral gyrus R 6/4 44 -8 39 4.99

L 6/4 -46 -17 36 5.13

L 4/6 -49 -5 18 5.07

L 4 -46 1 12 5.36

inferior frontal gyrus (posterior) R 44 47 7 3 3.65*

L 44/45 -49 4 9 5.03

L 44/45 -52 10 3 4.90

INSULAR LOBE

anterior insula L 13 -40 13 6 4.77

middle insula L 13 -43 4 3 5.21

PARIETAL LOBE

inferior parietal lobule (supramarginal gyrus) R 40 53 -32 24 4.18

L 40 -55 -41 24 4.58

posterior cingulate cortex MID 23 -1 -29 21 4.24

OCCIPITAL LOBE

cuneus L 19 -7 -77 36 4.50

superior occipital gyrus R/MID 18/19 5 -95 27 5.24

lingual gyrus R 19 17 -65 1 5.06

L 19 -25 -71 6 4.65

SUBCORTICAL

thalamus R – 17 -8 15 5.80

L – -16 -8 12 5.75

L – -13 -11 9 5.70

putamen R – 23 -2 12 5.95

L – -25 -2 12 6.31

globus pallidus R – 17 -5 0 5.27

L – -26 -8 0 4.80

cerebellum R – 11 -77 -18 6.10

R – 11 -92 -21 5.94

R – 32 -56 -24 6.83

MID – 2 -71 -39 4.21

(B) MOVEMENT IMITATION TASK

FRONTAL LOBE

precentral gyrus R 6/4 35 -17 27 4.88

L 6/4 -37 -14 30 4.67

PARIETAL LOBE

inferior parietal lobule (supramarginal gyrus) R 40 41 -32 27 4.03

postcentral gyrus L 40 -43 -8 21 4.09

L 40 -61 -20 15 4.25

OCCIPITAL LOBE

lingual gyrus R 17 17 -65 6 4.07

L 17 -22 -74 6 4.49

(Continued)
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task were observed bilaterally in the IPL/IPS. Peaks in the IFG and IPL/IPS closely matched
those found in the conjunction of task effects.

Discussion
The results of the current study reinforce, and move beyond, those of our earlier work in sever-
al important ways. For the first time, we investigated the overlap in brain response to the obser-
vation and execution of pain expressions, in an experimental protocol using dynamic pain
expressions depicting different levels of pain. Importantly, the execution phase was separated
temporally from the observation phase, allowing us to test the overlap (conjunction) between
activation patterns with no overt motor confound in the observation phase and no overt visual
confound in the execution phase. Results showed brain responses common to observed and ex-
ecuted facial expressions, consistent with “mirroring” properties and with previous studies on
facial imitation [15,17,18,20,33]. More significantly, we investigated whether overlapping re-
sponses in different brain areas to both observation and execution of pain expressions may re-
flect either the processing of surface details of the expression, such as the movement or
configuration of the facial features (movement task), or a deeper processing of the overall emo-
tional meaning of the expression (pain task). This task contrast demonstrates that the decoding
(observation) and the encoding (execution) of the meaning of the expression relies more
strongly on the STS/MTG and the IFG, brain areas previously identified as responsive to bio-
logical motion [34,35,36,37,38] and motor observation and imitation [12,39], respectively,
whereas attention to movement relies more on the IPL, another area previously identified as

Table 3. (Continued)

Anatomical location Hemisphere BA x y z t-value

SUBCORTICAL

thalamus R – 14 -14 9 4.04

L – -16 -17 9 4.45

Peak values for areas of significant BOLD response change identified by conjunction analysis of pain minus neutral during both stimuli presentation (clip/

observation) and task performance (response/execution), in the (A) pain expression task condition (Obs\Exec(Pain;PT)) and (B) movement imitation task

condition (Obs\Exec(Pain;MT)). See note in Table 2 regarding identification and labeling of brain regions.

*p < 0.002.

doi:10.1371/journal.pone.0107526.t003

Fig 4. Effects of pain during both observation and execution of pain expressions (Obs\Exec(Pain;PT)). A conjunction analysis of pain expressions,
minus neutral expressions, during clip and response events, in the pain task condition revealed clusters in the ACC, SMA, the bilateral PrCG, and the left
IFG/aINS (p< 0.001, uncorrected). Inset figure shows rostral-caudal extent of activation in the left IFG. See Table 3 for coordinates and t-values of peaks.

doi:10.1371/journal.pone.0107526.g004
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Table 4. Main effects of task during both observation and execution (pain expressions only†):

Anatomical location Hemisphere BA x y z t-value

(A) PAIN TASK > MOVEMENT TASK (pain expressions)

FRONTAL LOBE

medial/superior frontal gyrus MID 6 -4 10 60 4.98

inferior frontal gyrus R 44 47 19 0 3.44*‡

L 44 -49 13 3 4.12*

TEMPORAL LOBE

middle temporal gyrus (posterior portion) L 21 -52 -32 -9 4.72

PARIETAL LOBE

precuneus L 31 -7 -74 30 3.93

posterior cingulate gyrus L/MID 23/31 -4 -41 19 4.81

OCCIPITAL LOBE

superior occipital gyrus L 19 -43 -71 39 4.74

SUBCORTICAL

cerebellum R – 35 -77 -42 4.29

L – -31 -74 -42 4.57

(B) MOVEMENT TASK > PAIN TASK (pain expressions)

PARIETAL LOBE

inferior parietal lobule / intraparietal sulcus R 40 35 -35 39 5.06

L 40 -29 -41 39 4.88

L 40 -55 -29 45 3.96*

postcentral gyrus R 1/2/3 50 -23 36 4.70

L 1/2/3 -58 -23 33 3.94*

Peak values for areas of significant BOLD response change during both the viewing and performance of pain expressions, in the pain expression task

condition (A) (PT—MT (Obs\Exec)), versus the movement imitation task condition (B) (MT—PT (Obs\Exec)). See note in Table 2 regarding identification

and labeling of brain regions.

*p < 0.002.

† Results are reported for pain expressions only. Similar results were obtained when including the neutral condition with only one exception, in the right

IFG

‡: t = 2.31; not significant.

doi:10.1371/journal.pone.0107526.t004

Fig 5. Effects of task during both observation and execution of pain expressions. For the pain task
(PT—MT (Obs\Exec); orange), a cluster of activation was observed in the left IFG, while bilateral clusters
were observed in the IPL for the movement task (MT—PT (Obs\Exec); blue) (p� 0.005, uncorrected).
Analysis included pain expressions only, no neutrals. See Table 4 for coordinates and t-values of peaks.

doi:10.1371/journal.pone.0107526.g005
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involved in the observation of motor actions [39,40]. Together, these findings support the
broader notion that mirroring processes support perception of emotional expressions—pain
expressions, in this case; and demonstrate how the neural representation of emotional meaning
may be partly segregated from the representation of the facial movements that constitute
the expression.

As in previous studies [3,5,6,7,8,9,41], including our own [1], we found that regions of the
supracallosal ACC and bilateral aINS are activated in response to pain in others (Pain:Obs(PT);
see S1 Table), but these effects were seen only when subjects were attending to the meaning of
the expressions, and not when they attended to the motor aspects (Pain:Obs(MT); see S2 Table).
The locations of the peaks we observed in these regions are consistent with the activation ob-
served in response to acute self-pain [42]. Furthermore, we were able to replicate the functional
dissociation between the IFG and IPL during the observation of pain faces [1], with the IFG
being more robustly activated when subjects focused on the meaning of the pain expression, and
the IPL being more engaged when subjects focused on the facial movements.

Decoding pain expression: the role of mirroring
The first main objective of this study was to test whether areas of activation in the IFG and the
IPL found during the observation of pain faces [1] were also involved in the delayed execution
of pain expressions. Both regions are part of a putative human mirror neuron system [10], re-
sponding to both observed and executed actions. Although some studies have looked at the in-
volvement of mirroring areas in the perception of facial expressions of emotions such as
happiness, fear, disgust, sadness, or anger [15,17,18,20] and/or non-emotional mouth move-
ments such as biting, chewing, or blowing out the cheeks [12,17], in most cases the execution
phases of the experimental protocols occurred at the same time as the observation (i.e. imita-
tion of the stimuli occurred simultaneously to the presentation of the stimuli) [15,18]; in only
one study were the observation and execution phases temporally separated [17]. Here, we
found robust, bilateral activation in the posterior IFG and the IPL, and we demonstrated signif-
icant involvement across observation and execution phases that were separated temporally in
order to reduce confounding effects. This conjunction of stimuli and responses in the PT re-
vealed not only the IFG and IPL, but also the ACC and aINS, areas which have been associated
with affective mirroring for pain and disgust [1,3,6,7,43]. These results confirm our hypothesis
that the IFG and IPL, two components of the ‘fronto-parietal human mirror neuron system’

[10], show mirror-type responses for pain expressions, and fit with the hypothesis that an IFG/
IPL ‘core circuit’ of imitation interacts with the INS to form a system for affective mirroring
that supports social cognition [10], perhaps via an effective link between the IFG and the aINS
[44]. That we can demonstrate a common response of these areas during both observation and
execution of pain expressions supports the notion that mirroring of both emotional states and
motor movements underlies the perception of pain in others via facial expression.

Additionally, we identified an area of the supracallosal ACC and adjacent supplementary
motor area (SMA) that showed common activation for both observation and execution. This
area was revealed in our previous study as coding for pain (vs. neutral) and showing modulato-
ry effects of perceived pain intensity [1]. In the current study, this area also demonstrated a
greater response to pain expressions, during both observation and execution. This subregion of
the supracallosal ACC has been discussed in relation to the control of movement in response
to aversive stimuli such as pain [45,46], including motor facilitation of withdrawal, and inhibi-
tion of approach [47,48], as well as pain expression (Kunz et al., 2011). Interestingly, recent
work has demonstrated involvement of this region during voluntary motor responses in both
painful and non-painful contexts, but not in painful contexts lacking the motor response [49].
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Together with the SMA, an area supporting motor control of movements [29] and movement
preparation [50,51], ACC involvement in the response to signals of pain in others may reflect
motor readiness or priming. Whether this priming is for withdrawal behaviors or pain expres-
sion [52,53], its occurrence in response to both observed and executed pain expressions is con-
sistent with the concept of a mirroring mechanism.

Extracting meaning from faces: task effects
The second main objective of this study was to investigate how the brain processes the meaning
of a pain expression and the mirroring activations that occur during the observation of pain
faces, by using two different tasks to direct attention toward either the pain communicated via
the expression (i.e. meaning), or the constituent movements. Although each task required a dif-
ferent response from the subject—“express pain” vs. “imitate movements”—the stimuli in both
conditions were the same, thus differences in the brain activation between tasks reflect the dif-
ferent processing requirements. As hypothesized, mirroring activity in the IFG and the STS/
MTG was stronger when attention was directed to the meaning of the expression (pain task),
and mirroring activity in the IPL was stronger when attention was directed to the movements.
However, the greater IFG activation seen during the pain task was significant only when the
neutral expressions were excluded from the analysis (PT—MT (Obs\Exec); Table 4). Neutral
expressions, in containing no pain, have less ‘meaning’ to consider, and thus there would be
less difference in the task requirements for those stimuli. This interpretation is further sup-
ported by the observation that the IFG shows a significantly increased response to pain expres-
sions (vs. neutral) in the PT trials, but not during the MT trials (see S1 and S2 Tables, as well as
the interaction analysis results shown in S4 Table). These results are consistent with those of
our previous studies, in which the IFG responded more strongly when subjects rated pain than
when they evaluated facial movement [1], as well as when subjects evaluated images of limbs in
painful, vs. non-painful situations, and images of pain, vs. neutral, facial expressions [54]. The
IFG has been reported in several studies using facial movement and expressions [15,17,18,33],
and a recent study has also implicated this area in the processing of semantic meaning of both
speech and communicative gestures, finding greater IFG response when subjects listened to
meaningful speech vs. an unfamiliar language, and when they viewed meaningful vs. nonsense
gestures [55]. Importantly, the slightly more anterior position of this peak, compared with
those of the other contrasts, is consistent with the idea that the function of the IFG is organized
such that the more anterior portion is relatively more involved with the processing of semantic
meaning, while the posterior portion is more involved with motor mirroring [56]. These re-
sults, together with those previously described, support the idea that the IFG is recruited more
strongly when the meaning of a stimulus is being considered, not only in the case of pain ex-
pressions, but also in the broader context of other emotional expressions.

While most studies investigating imitation or observation and execution of emotional facial
expressions have found a robust response of the IFG, the IPL is less commonly described. How-
ever, the IPL, as well as the SPL, have been widely reported in work looking at action observa-
tion and imitation [39], and the results of one meta-analysis strongly support a major role of
both regions in imitation [57]. Here, bilateral IPL regions demonstrated strong common acti-
vation during both observation and execution of expressions in PT, consistent with the earlier
findings on imitation. However, the IPL responded most strongly when subjects attended to
the motor aspects of the expressions—i.e. the movements of the facial features—rather than
when they attended to the affective content of the expressions (see as well the results of the in-
teraction analysis, in S4 Table). Thus, while it is obviously involved when subjects attend to the
meaning of the expressions, it may not be responding primarily to the emotional meaning of
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the expressions. Interestingly, there is evidence that the IPL may be involved in pain coding dur-
ing hand-object interactions, responding more strongly when subjects grasped painful vs. non-
painful objects [1]. However, another study found pain-related IPL response for images involv-
ing hands and feet, but not for facial expressions of pain [2], suggesting that motor-related IPL
responses may be reinforced by salient consequences of an action (e.g. pain). In the current
study, the lack of IPL response in the pain task could be due to the lack of information about
such consequences. These results, together with those previously described, support the idea that
the motor mirroring functions of these parietal regions may support, but are not sufficient for,
the understanding of emotional expressions in others.

We also noted greater activation in visual areas for trials featuring pain faces (vs. neutral), as
well as for PT trials (vs. MT), showing that the visual cortex responded more strongly not only
to emotional stimuli, but also when attention was directed towards the meaning of the stimuli.
Both cases may reflect the effects of positive feedback from higher-order executive areas, and is
consistent with other work showing stronger responses of basic sensory regions to emotional
stimuli [58]. It is possible that a similar positive feedback loop may also contribute to the in-
creased response of regions to the pain expressions, such as the STS/MTG and the ACC/SMA
complex.

Potential limitations
In our previous study focusing on the observation phase, we noted stronger recruitment of the
medial prefrontal cortex (mPFC) during the evaluation of pain, in comparison to the evalua-
tion of movement. Here, task-related effects in this region were restricted to the most anterior
part of the mPFC (see S3 Table). This region is theorized to have a major role in social cogni-
tion via the process of mentalizing, i.e. thinking about what others are thinking, and typically
described in the context of intentions, thoughts, and beliefs, rather than feeling states or emo-
tional states [59,60,61]. The fact that it was not similarly recruited for both observation and ex-
ecution of the expressions in the present study is in line with an interpretation of mentalizing
as a separate, yet complementary, evaluative process from emotional mirroring [see [62]].

Additionally, the inclusion of the execution phase in the current paradigm, while a strength
of the study, introduces the potential confound of motor preparation or covert motor re-
sponses. These processes might produce motor-related activity during the observation phase.
However, while they might contribute to any observed overlap between observation and execu-
tion, they do not compromise the interpretation of task differences.

Finally, we have approached the facial expression of pain only as an indicator of emotional
state, and the subjects’ brain responses only as the decoding of an emotional message. This ex-
perimental paradigm does not allow us to consider the impact of pain decoding on the observer
(i.e. pain communication as a transaction; see [63]). The brain responses we observed may in
fact reflect a type of priming response that prepares the observer to act, either defensively
against the threat of self-pain, or solicitously in the face of another’s need for aid. Future work
in this area would thus benefit from additional investigation of effects of observed pain on sub-
sequent actions, in order to investigate the potential influence these mirror-type responses
have on intentions and motivational states, and to shed further light on the social function of
pain expressions, beyond the simple communication of an affective state.

Conclusion
In summary, we first confirmed findings from earlier studies that imply a role for the ACC and
aINS in the perception of pain in others via facial expression. In addition, these regions, along
with the IFG and IPL, were involved in both observation and execution of pain expressions,
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implicating all of these areas as parts of a broadly construed mirroring system for pain expres-
sion. The IFG and IPL have been proposed as a fronto-parietal “core circuit” for imitation
which, in various combinations with other regions, form the neural basis for different functions
of social cognition such as imitation and imitative learning, as well as empathy and affective
mirroring [10]. Importantly, we found that IFG and IPL involvement was dependent on task
requirements, with a functional dissociation between these two regions in the mirroring of
emotional vs. motor components of pain expressions. The IFG, together with the MTG and
STS/STG, two areas implicated in the perception of biological motion, were more strongly re-
cruited when subjects attended to the meaning of the expressions, whereas the IPL was more
strongly recruited when subjects attended to the movements. Together, these findings provide
evidence that areas involved in motor mirroring contribute to a brain network underlying the
perception of pain in others. However, the perception of the affective meaning in these expres-
sions requires a deeper level of processing and more robustly recruits higher-order association
regions involved in the perception of biological motion and semantic meaning. These results
add to the growing body of research that suggests overlapping neural representations underlie
the processing of both self and other experiences, allowing us to understand the internal state
of another individual via the recreation of some aspects of that internal state within ourselves.
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during stimuli events, in the pain task trials (Pain:Obs(PT)). Note regarding identification and
labeling of brain regions: coordinates given in Talairach Space according to the Talairach atlas
incorporated into the BrainVoyager QX software package. Brodmann area (BA) labels identi-
fied using the Talairach atlas [64] and the online application for the Talairach Daemon (TD)
database [65]. P< 0.001 (uncorrected) unless otherwise indicated.
(DOCX)

S2 Table. Effects of pain expression during observation in movement imitation task. Peak
values for areas of significant BOLD response change identified by analysis of pain minus neu-
tral, during stimuli events, in the movement task trials (Pain:Obs(MT)). See note in S1 Table
regarding identification and labeling of brain regions.
(DOCX)

S3 Table. Main effects of task during observation. Peak values for areas of significant BOLD
response change during viewing of the facial expression stimuli in (A) the pain expression task
condition (PT—MT (Obs)) versus (B) the movement imitation task condition (MT—PT
(Obs)). See note in S1 Table regarding identification and labeling of brain regions.
(DOCX)

S4 Table. Interaction of pain and task. Peak values for areas of significant BOLD response
change for the interaction of pain and task: [pain(1,2,3)-pain(0)]PT—[pain(1,2,3)-pain(0)]
MT, during the observation of pain expressions (Obs). See note in S1 Table regarding identifi-
cation and labeling of brain regions. �p< 0.002. † Significant peak t-values are reported for the
conjunction of observation and execution (Obs\Exec) in the same structures as the peaks, or
within the corresponding cluster of activated voxels, identified in the pain x task interaction
during observation only (Obs).
(DOCX)

Mirroring Pain in the Brain

PLOS ONE | DOI:10.1371/journal.pone.0107526 February 11, 2015 17 / 20

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0107526.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0107526.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0107526.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0107526.s004


Acknowledgments
The authors thank other members of the pain research lab and staff of the functional neuroim-
aging unit for their help in data acquisition and analysis (N. LeBlanc, G. Briggs, C. Chatelle,
C. Hurst, and A. Cyr).

Author Contributions
Conceived and designed the experiments: LB MK PLJ PR. Performed the experiments: LB. An-
alyzed the data: LB MK PR. Contributed reagents/materials/analysis tools: LB MK. Wrote the
paper: LB MK PLJ PR.

References
1. Budell L, Jackson P, Rainville P (2010) Brain responses to facial expressions of pain: emotional or

motor mirroring? Neuroimage 53: 355–363. doi: 10.1016/j.neuroimage.2010.05.037 PMID: 20510372

2. Price DD (2000) Psychological and neural mechanisms of the affective dimension of pain. Science
288: 1769–1772. PMID: 10846154

3. Singer T, Seymour B, O’Doherty J, Kaube H, Dolan RJ, et al. (2004) Empathy for pain involves the
affective but not sensory components of pain. Science 303: 1157–1162. PMID: 14976305

4. Morrison I, Lloyd D, di Pellegrino G, Roberts N (2004) Vicarious responses to pain in anterior cingulate
cortex: is empathy a multisensory issue? Cogn Affect Behav Neurosci 4: 270–278. PMID: 15460933

5. Jackson PL, Meltzoff AN, Decety J (2005) How do we perceive the pain of others? A window into the
neural processes involved in empathy. Neuroimage 24: 771–779. PMID: 15652312

6. Botvinick M, Jha AP, Bylsma LM, Fabian SA, Solomon PE, et al. (2005) Viewing facial expressions of
pain engages cortical areas involved in the direct experience of pain. Neuroimage 25: 312–319. PMID:
15734365

7. Saarela MV, Hlushchuk Y, Williams AC, Schurmann M, Kalso E, et al. (2007) The compassionate
brain: humans detect intensity of pain from another’s face. Cereb Cortex 17: 230–237. PMID:
16495434

8. LammC, NusbaumHC, Meltzoff AN, Decety J (2007) What are you feeling? Using functional magnetic
resonance imaging to assess the modulation of sensory and affective responses during empathy for
pain. PLoS One 2: e1292. PMID: 18091986

9. LammC, Decety J, Singer T (2011) Meta-analytic evidence for common and distinct neural networks
associated with directly experienced pain and empathy for pain. Neuroimage 54: 2492–2502. doi: 10.
1016/j.neuroimage.2010.10.014 PMID: 20946964

10. Iacoboni M (2005) Neural mechanisms of imitation. Curr Opin Neurobiol 15: 632–637. PMID:
16271461

11. Iacoboni M, Dapretto M (2006) The mirror neuron system and the consequences of its dysfunction. Nat
Rev Neurosci 7: 942–951. PMID: 17115076

12. Buccino G, Binkofski F, Fink GR, Fadiga L, Fogassi L, et al. (2001) Action observation activates premo-
tor and parietal areas in a somatotopic manner: an fMRI study. Eur J Neurosci 13: 400–404. PMID:
11168545

13. Iacoboni M, Woods RP, Brass M, Bekkering H, Mazziotta JC, et al. (1999) Cortical mechanisms of
human imitation. Science 286: 2526–2528. PMID: 10617472

14. Kilner JM, Neal A, Weiskopf N, Friston KJ, Frith CD (2009) Evidence of mirror neurons in human inferior
frontal gyrus. J Neurosci 29: 10153–10159. doi: 10.1523/JNEUROSCI.2668-09.2009 PMID:
19675249

15. Leslie KR, Johnson-Frey SH, Grafton ST (2004) Functional imaging of face and hand imitation: towards
a motor theory of empathy. Neuroimage 21: 601–607. PMID: 14980562

16. Hetu S, Mercier C, Eugene F, Michon PE, Jackson PL (2011) Modulation of brain activity during action
observation: influence of perspective, transitivity and meaningfulness. PloS one 6: e24728. doi: 10.
1371/journal.pone.0024728 PMID: 21931832

17. van der Gaag C, Minderaa RB, Keysers C (2007) Facial expressions: what the mirror neuron system
can and cannot tell us. Soc Neurosci 2: 179–222. doi: 10.1080/17470910701376878 PMID: 18633816

18. Carr L, Iacoboni M, Dubeau MC, Mazziotta JC, Lenzi GL (2003) Neural mechanisms of empathy in
humans: a relay from neural systems for imitation to limbic areas. Proc Natl Acad Sci U S A 100:
5497–5502. PMID: 12682281

Mirroring Pain in the Brain

PLOS ONE | DOI:10.1371/journal.pone.0107526 February 11, 2015 18 / 20

http://dx.doi.org/10.1016/j.neuroimage.2010.05.037
http://www.ncbi.nlm.nih.gov/pubmed/20510372
http://www.ncbi.nlm.nih.gov/pubmed/10846154
http://www.ncbi.nlm.nih.gov/pubmed/14976305
http://www.ncbi.nlm.nih.gov/pubmed/15460933
http://www.ncbi.nlm.nih.gov/pubmed/15652312
http://www.ncbi.nlm.nih.gov/pubmed/15734365
http://www.ncbi.nlm.nih.gov/pubmed/16495434
http://www.ncbi.nlm.nih.gov/pubmed/18091986
http://dx.doi.org/10.1016/j.neuroimage.2010.10.014
http://dx.doi.org/10.1016/j.neuroimage.2010.10.014
http://www.ncbi.nlm.nih.gov/pubmed/20946964
http://www.ncbi.nlm.nih.gov/pubmed/16271461
http://www.ncbi.nlm.nih.gov/pubmed/17115076
http://www.ncbi.nlm.nih.gov/pubmed/11168545
http://www.ncbi.nlm.nih.gov/pubmed/10617472
http://dx.doi.org/10.1523/JNEUROSCI.2668-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19675249
http://www.ncbi.nlm.nih.gov/pubmed/14980562
http://dx.doi.org/10.1371/journal.pone.0024728
http://dx.doi.org/10.1371/journal.pone.0024728
http://www.ncbi.nlm.nih.gov/pubmed/21931832
http://dx.doi.org/10.1080/17470910701376878
http://www.ncbi.nlm.nih.gov/pubmed/18633816
http://www.ncbi.nlm.nih.gov/pubmed/12682281


19. Schulte-Ruther M, Markowitsch HJ, Fink GR, Piefke M (2007) Mirror neuron and theory of mind mecha-
nisms involved in face-to-face interactions: a functional magnetic resonance imaging approach to em-
pathy. J Cogn Neurosci 19: 1354–1372. PMID: 17651008

20. Lee TW, Josephs O, Dolan RJ, Critchley HD (2006) Imitating expressions: emotion-specific neural sub-
strates in facial mimicry. Social cognitive and affective neuroscience 1: 122–135. PMID: 17356686

21. Iacoboni M, Molnar-Szakacs I, Gallese V, Buccino G, Mazziotta JC, et al. (2005) Grasping the inten-
tions of others with one’s own mirror neuron system. PLoS Biol 3: e79. PMID: 15736981

22. Noppeney U (2008) The neural systems of tool and action semantics: a perspective from functional im-
aging. Journal of physiology, Paris 102: 40–49. doi: 10.1016/j.jphysparis.2008.03.009 PMID:
18479891

23. Simon D, Craig KD, Gosselin F, Belin P, Rainville P (2008) Recognition and discrimination of prototypi-
cal dynamic expressions of pain and emotions. Pain 135: 55–64. PMID: 17583430

24. Kunz M, Chen JI, Lautenbacher S, Vachon-Presseau E, Rainville P (2011) Cerebral regulation of facial
expressions of pain. The Journal of neuroscience: the official journal of the Society for Neuroscience
31: 8730–8738. doi: 10.1523/JNEUROSCI.0217-11.2011 PMID: 21677157

25. Ekman P, Rosenberg EL (1997) What the face reveals: basic and applied studies of spontaneous ex-
pression using the facial action coding system (FACS). New York: Oxford University Press. xvi, 495
p. p.

26. Kunz M, Gruber A, Lautenbacher S (2006) Sex differences in facial encoding of pain. The journal of
pain: official journal of the American Pain Society 7: 915–928. PMID: 17157778

27. Kunz M, Chatelle C, Lautenbacher S, Rainville P (2008) The relation between catastrophizing and fa-
cial responsiveness to pain. Pain 140: 127–134. doi: 10.1016/j.pain.2008.07.019 PMID: 18783885

28. Worsley KJ, Marrett S, Neelin P, Vandal AC, Friston KJ, et al. (1996) A unified statistical approach for
determining significant signals in images of cerebral activation. Human brain mapping 4: 58–73. doi:
10.1002/(SICI)1097-0193(1996)4:1&lt;58::AID-HBM4&gt;3.0.CO;2-O PMID: 20408186

29. Picard N, Strick PL (1996) Motor areas of the medial wall: a review of their location and functional acti-
vation. Cereb Cortex 6: 342–353. PMID: 8670662

30. Picard N, Strick PL (2001) Imaging the premotor areas. Curr Opin Neurobiol 11: 663–672. PMID:
11741015

31. Paus T (2001) Primate anterior cingulate cortex: where motor control, drive and cognition interface. Na-
ture reviews Neuroscience 2: 417–424. PMID: 11389475

32. Fink GR, Frackowiak RS, Pietrzyk U, PassinghamRE (1997) Multiple nonprimary motor areas in the
human cortex. Journal of neurophysiology 77: 2164–2174. PMID: 9114263

33. Montgomery KJ, Haxby JV (2008) Mirror neuron system differentially activated by facial expressions
and social hand gestures: a functional magnetic resonance imaging study. J Cogn Neurosci 20:
1866–1877. doi: 10.1162/jocn.2008.20127 PMID: 18370602

34. Allison T, Puce A, McCarthy G (2000) Social perception from visual cues: role of the STS region.
Trends Cogn Sci 4: 267–278. PMID: 10859571

35. BeauchampMS (2005) Seeme, hear me, touchme: multisensory integration in lateral occipital-temporal
cortex. Current opinion in neurobiology 15: 145–153. PMID: 15831395

36. Saygin AP (2007) Superior temporal and premotor brain areas necessary for biological motion percep-
tion. Brain: a journal of neurology 130: 2452–2461. PMID: 17660183

37. Hein G, Knight RT (2008) Superior temporal sulcus—It’s my area: or is it? Journal of cognitive neurosci-
ence 20: 2125–2136. doi: 10.1162/jocn.2008.20148 PMID: 18457502

38. Wheaton KJ, Thompson JC, Syngeniotis A, Abbott DF, Puce A (2004) Viewing the motion of human body
parts activates different regions of premotor, temporal, and parietal cortex. NeuroImage 22: 277–288.
PMID: 15110018

39. Caspers S, Zilles K, Laird AR, Eickhoff SB (2010) ALEmeta-analysis of action observation and imita-
tion in the human brain. Neuroimage 50: 1148–1167. doi: 10.1016/j.neuroimage.2009.12.112 PMID:
20056149

40. Grezes J, Armony JL, Rowe J, Passingham RE (2003) Activations related to “mirror” and “canonical”
neurones in the human brain: an fMRI study. NeuroImage 18: 928–937. PMID: 12725768

41. LammC, Batson CD, Decety J (2007) The neural substrate of human empathy: effects of perspective-
taking and cognitive appraisal. J Cogn Neurosci 19: 42–58. PMID: 17214562

42. Duerden EG, Albanese MC (2013) Localization of pain-related brain activation: a meta-analysis of neu-
roimaging data. Human brain mapping 34: 109–149. doi: 10.1002/hbm.21416 PMID: 22131304

43. Wicker B, Keysers C, Plailly J, Royet JP, Gallese V, et al. (2003) Both of us disgusted in My insula: the
common neural basis of seeing and feeling disgust. Neuron 40: 655–664. PMID: 14642287

Mirroring Pain in the Brain

PLOS ONE | DOI:10.1371/journal.pone.0107526 February 11, 2015 19 / 20

http://www.ncbi.nlm.nih.gov/pubmed/17651008
http://www.ncbi.nlm.nih.gov/pubmed/17356686
http://www.ncbi.nlm.nih.gov/pubmed/15736981
http://dx.doi.org/10.1016/j.jphysparis.2008.03.009
http://www.ncbi.nlm.nih.gov/pubmed/18479891
http://www.ncbi.nlm.nih.gov/pubmed/17583430
http://dx.doi.org/10.1523/JNEUROSCI.0217-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/21677157
http://www.ncbi.nlm.nih.gov/pubmed/17157778
http://dx.doi.org/10.1016/j.pain.2008.07.019
http://www.ncbi.nlm.nih.gov/pubmed/18783885
http://dx.doi.org/10.1002/(SICI)1097-0193(1996)4:1&amp;lt;58::AID-HBM4&amp;gt;3.0.CO;2-O
http://www.ncbi.nlm.nih.gov/pubmed/20408186
http://www.ncbi.nlm.nih.gov/pubmed/8670662
http://www.ncbi.nlm.nih.gov/pubmed/11741015
http://www.ncbi.nlm.nih.gov/pubmed/11389475
http://www.ncbi.nlm.nih.gov/pubmed/9114263
http://dx.doi.org/10.1162/jocn.2008.20127
http://www.ncbi.nlm.nih.gov/pubmed/18370602
http://www.ncbi.nlm.nih.gov/pubmed/10859571
http://www.ncbi.nlm.nih.gov/pubmed/15831395
http://www.ncbi.nlm.nih.gov/pubmed/17660183
http://dx.doi.org/10.1162/jocn.2008.20148
http://www.ncbi.nlm.nih.gov/pubmed/18457502
http://www.ncbi.nlm.nih.gov/pubmed/15110018
http://dx.doi.org/10.1016/j.neuroimage.2009.12.112
http://www.ncbi.nlm.nih.gov/pubmed/20056149
http://www.ncbi.nlm.nih.gov/pubmed/12725768
http://www.ncbi.nlm.nih.gov/pubmed/17214562
http://dx.doi.org/10.1002/hbm.21416
http://www.ncbi.nlm.nih.gov/pubmed/22131304
http://www.ncbi.nlm.nih.gov/pubmed/14642287


44. Jabbi M, Keysers C (2008) Inferior frontal gyrus activity triggers anterior insula response to emotional
facial expressions. Emotion 8: 775–780. doi: 10.1037/a0014194 PMID: 19102588

45. Shackman AJ, Salomons TV, Slagter HA, Fox AS, Winter JJ, et al. (2011) The integration of negative
affect, pain and cognitive control in the cingulate cortex. Nature reviews Neuroscience 12: 154–167.
doi: 10.1038/nrn2994 PMID: 21331082

46. Dum RP, Levinthal DJ, Strick PL (2009) The spinothalamic system targets motor and sensory areas in
the cerebral cortex of monkeys. The Journal of neuroscience: the official journal of the Society for Neu-
roscience 29: 14223–14235. doi: 10.1523/JNEUROSCI.3398-09.2009 PMID: 19906970

47. Morrison I, Peelen MV, Downing PE (2007) The sight of others’ pain modulates motor processing in
human cingulate cortex. Cereb Cortex 17: 2214–2222. PMID: 17124286

48. Morrison I, Poliakoff E, Gordon L, Downing P (2007) Response-specific effects of pain observation on
motor behavior. Cognition 104: 407–416. PMID: 16919254

49. Perini I, Bergstrand S, Morrison I (2013) Where pain meets action in the human brain. The Journal of
neuroscience: the official journal of the Society for Neuroscience 33: 15930–15939. doi: 10.1523/
JNEUROSCI.3135-12.2013 PMID: 24089498

50. Cunnington R, Windischberger C, Moser E (2005) Premovement activity of the pre-supplementary
motor area and the readiness for action: studies of time-resolved event-related functional MRI. Human
movement science 24: 644–656. PMID: 16337295

51. Cunnington R, Windischberger C, Deecke L, Moser E (2002) The preparation and execution of self-
initiated and externally-triggered movement: a study of event-related fMRI. NeuroImage 15: 373–385.
PMID: 11798272

52. Vachon-Presseau E, Martel MO, Roy M, Caron E, Jackson PL, et al. (2011) The multilevel organization
of vicarious pain responses: effects of pain cues and empathy traits on spinal nociception and acute
pain. Pain 152: 1525–1531. doi: 10.1016/j.pain.2011.02.039 PMID: 21439727

53. Mailhot JP, Vachon-Presseau E, Jackson PL, Rainville P (2012) Dispositional empathy modulates vi-
carious effects of dynamic pain expressions on spinal nociception, facial responses and acute pain.
The European journal of neuroscience 35: 271–278. doi: 10.1111/j.1460-9568.2011.07953.x PMID:
22250816

54. Vachon-Presseau E, Roy M, Martel MO, Albouy G, Chen J, et al. (2012) Neural processing of sensory
and emotional-communicative information associated with the perception of vicarious pain. Neuro-
Image 63: 54–62. doi: 10.1016/j.neuroimage.2012.06.030 PMID: 22732556

55. Straube B, Green A, Weis S, Kircher T (2012) A supramodal neural network for speech and gesture se-
mantics: an FMRI study. PloS one 7: e51207. doi: 10.1371/journal.pone.0051207 PMID: 23226488

56. Press C, Weiskopf N, Kilner JM (2012) Dissociable roles of human inferior frontal gyrus during action
execution and observation. NeuroImage 60: 1671–1677. doi: 10.1016/j.neuroimage.2012.01.118
PMID: 22321646

57. Molenberghs P, Cunnington R, Mattingley JB (2009) Is the mirror neuron system involved in imitation?
A short review and meta-analysis. Neuroscience and biobehavioral reviews 33: 975–980. doi: 10.
1016/j.neubiorev.2009.03.010 PMID: 19580913

58. Vuilleumier P (2005) How brains beware: neural mechanisms of emotional attention. Trends in cogni-
tive sciences 9: 585–594. PMID: 16289871

59. Amodio DM, Frith CD (2006) Meeting of minds: the medial frontal cortex and social cognition. Nat Rev
Neurosci 7: 268–277. PMID: 16552413

60. Frith CD, Frith U (2006) The neural basis of mentalizing. Neuron 50: 531–534. PMID: 16701204

61. Frith U, Frith CD (2003) Development and neurophysiology of mentalizing. Philos Trans R Soc Lond
B Biol Sci 358: 459–473. PMID: 12689373

62. Van Overwalle F, Baetens K (2009) Understanding others’ actions and goals by mirror and mentalizing
systems: a meta-analysis. Neuroimage 48: 564–584. doi: 10.1016/j.neuroimage.2009.06.009 PMID:
19524046

63. Hadjistavropoulos T, Craig KD, Duck S, Cano A, Goubert L, et al. (2011) A biopsychosocial formulation
of pain communication. Psychological bulletin 137: 910–939. doi: 10.1037/a0023876 PMID: 21639605

64. Talairach J, Tournoux P (1988) Co-planar stereotaxic atlas of the human brain: 3-dimensional propor-
tional system: an approach to cerebral imaging. Stuttgart; New York: G. Thieme: Thieme Medical
Publishers.

65. Lancaster JL, Woldorff MG, Parsons LM, Liotti M, Freitas CS, et al. (2000) Automated Talairach atlas la-
bels for functional brain mapping. Hum Brain Mapp 10: 120–131. PMID: 10912591

Mirroring Pain in the Brain

PLOS ONE | DOI:10.1371/journal.pone.0107526 February 11, 2015 20 / 20

http://dx.doi.org/10.1037/a0014194
http://www.ncbi.nlm.nih.gov/pubmed/19102588
http://dx.doi.org/10.1038/nrn2994
http://www.ncbi.nlm.nih.gov/pubmed/21331082
http://dx.doi.org/10.1523/JNEUROSCI.3398-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19906970
http://www.ncbi.nlm.nih.gov/pubmed/17124286
http://www.ncbi.nlm.nih.gov/pubmed/16919254
http://dx.doi.org/10.1523/JNEUROSCI.3135-12.2013
http://dx.doi.org/10.1523/JNEUROSCI.3135-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/24089498
http://www.ncbi.nlm.nih.gov/pubmed/16337295
http://www.ncbi.nlm.nih.gov/pubmed/11798272
http://dx.doi.org/10.1016/j.pain.2011.02.039
http://www.ncbi.nlm.nih.gov/pubmed/21439727
http://dx.doi.org/10.1111/j.1460-9568.2011.07953.x
http://www.ncbi.nlm.nih.gov/pubmed/22250816
http://dx.doi.org/10.1016/j.neuroimage.2012.06.030
http://www.ncbi.nlm.nih.gov/pubmed/22732556
http://dx.doi.org/10.1371/journal.pone.0051207
http://www.ncbi.nlm.nih.gov/pubmed/23226488
http://dx.doi.org/10.1016/j.neuroimage.2012.01.118
http://www.ncbi.nlm.nih.gov/pubmed/22321646
http://dx.doi.org/10.1016/j.neubiorev.2009.03.010
http://dx.doi.org/10.1016/j.neubiorev.2009.03.010
http://www.ncbi.nlm.nih.gov/pubmed/19580913
http://www.ncbi.nlm.nih.gov/pubmed/16289871
http://www.ncbi.nlm.nih.gov/pubmed/16552413
http://www.ncbi.nlm.nih.gov/pubmed/16701204
http://www.ncbi.nlm.nih.gov/pubmed/12689373
http://dx.doi.org/10.1016/j.neuroimage.2009.06.009
http://www.ncbi.nlm.nih.gov/pubmed/19524046
http://dx.doi.org/10.1037/a0023876
http://www.ncbi.nlm.nih.gov/pubmed/21639605
http://www.ncbi.nlm.nih.gov/pubmed/10912591


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


