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The decision as to whether a sensation is perceived as painful does not only depend on sensory input but also on the significance of the
stimulus. Here, we show that the degree to which an impending stimulus is interpreted as threatening biases perceptual decisions about
pain and that this bias toward pain manifests before stimulus encounter. Using functional magnetic resonance imaging we investigated
the neural mechanisms underlying the influence of an experimental manipulation of threat on the perception of laser stimuli as painful.
In a near-threshold pain detection paradigm, physically identical stimuli were applied under the participants’ assumption that the
stimulation is entirely safe (low threat) or potentially harmful (high threat). As hypothesized, significantly more stimuli were rated as
painful in the high threat condition. This context-dependent classification of a stimulus as painful was predicted by the prestimulus signal
level in the anterior insula, suggesting that this structure integrates information about the significance of a stimulus into the decision
about pain. The anticipation of pain increased the prestimulus functional connectivity between the anterior insula and the midcingulate
cortex (MCC), a region that was significantly more active during stimulation the more a participant was biased to rate the stimulation as
painful under high threat. These findings provide evidence that the anterior insula and MCC as a “salience network” integrate informa-
tion about the significance of an impending stimulation into perceptual decision-making in the context of pain.

Introduction
Pain indicates that action is required to prevent or minimize
further harm to the organism. Hence the classification of a sen-
sation as painful is critical to ensure that protective responses can
be initiated in time. Functional neuroimaging studies have begun
to investigate the neural mechanisms underlying perceptual de-
cisions in the visual (Heekeren et al., 2004), auditory (Binder et
al., 2004; Kaiser et al., 2007) and somatosensory domain (Pleger
et al., 2006; Preuschhof et al., 2006). In contrast, very little is
known regarding the perceptual decision of a stimulus as painful.
Existing studies on perceptual decisions have focused on the in-
tegration of sensory evidence and the formation of a decision
variable following stimulus processing. There is, however, increasing
evidence suggesting that a percept is critically determined by the
momentary configuration of relevant brain areas before stimulus
encounter (Arieli et al., 1996; Supèr et al., 2003; de Lafuente and
Romo, 2005; Boly et al., 2007; Hesselmann et al., 2008).

In a recent functional magnetic resonance imaging (fMRI)
study, we showed that the activation level of the bilateral anterior

insula predicted whether a laser stimulus calibrated at individual
pain threshold intensity is perceived as painful or not (Ploner et
al., 2010). The more active the anterior insula before stimulus
application, the more likely the subsequently applied stimulus
was rated as painful. Furthermore, the prestimulus functional
connectivity between the anterior insula and pain-modulatory
brain regions [e.g., periaqueductal gray (PAG)] differed between
physically identical trials that were rated as painful and trials
perceived as nonpainful. These influences of the anterior insula
on perception were observed without any manipulation of the
behavioral context.

Adaptive behavior includes seeking information about future
events to predict and control them. This applies particularly to
experiences which signal potential harm such as pain. The pre-
stimulus state of brain areas involved in perceptual decisions may
therefore also reflect information about the significance of an
impending stimulus. For instance, Sarinopoulos et al. (2010) re-
cently showed that uncertainty-related expectations lead to an
overestimation of the frequency by which uncertain cues are fol-
lowed by negative outcome and amplified neural responses to
aversion. Importantly, it is the subjective interpretation of avail-
able information that influences perceptions and actions, regard-
less of whether it is factually true or not. For instance, the
interpretation of an event as threatening has been shown to in-
crease stimulus salience and to amplify the perception of pain and
nonpainful stimuli (Smith et al., 1998; Sawamoto et al., 2000;
Severeijns et al., 2002; de Gier et al., 2003; Arntz and Claassens,
2004; Moseley and Arntz, 2007; Vlaeyen et al., 2009) and related
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cardiovascular responses (Paine et al., 2009). An increased per-
ception of threat has therefore been implicated in different pro-
cesses associated with an amplified pain perception, including
attention to pain (Eccleston and Crombez, 1999), anxiety or fear
(Asmundson and Katz, 2009), and catastrophizing (Jackson et al.,
2005). However, the role of perceived threat and salience in per-
ceptual decisions of pain and their neural underpinnings are still
unclear.

Using fMRI, we investigated the neural mechanisms underly-
ing the effect of perceived threat and increased stimulus salience
on perceptual decisions of pain by combining a previously estab-
lished pain-detection paradigm (Ploner et al., 2010) with a ma-
nipulation of threat. We hypothesize that a higher threat value of
an impending near-pain threshold stimulation induced by the
information participants receive will bias the perception of these
stimuli toward pain. Moreover, we hypothesize that the anterior
insula integrates information about the threat value of the stim-
ulation before stimulus encounter and that this would be re-
flected by its engagement during the anticipation period and in its
functional connectivity to brain areas involved in generating a
pain perception.

Materials and Methods
Subjects
Sixteen healthy volunteers participated in the study (11 females; mean
age, 24; range, 19 –30). Participants were right-handed, displayed normal
pain thresholds at the site of stimulus application and had no history of
neurological or psychiatric disease or chronic pain. All subjects partici-
pated having given full informed consent, and the study was approved by
the local research ethics committee.

Experimental paradigm
Using fMRI, we investigated brain responses during the anticipation and
perception of physically identical laser stimuli perceived as painful or
nonpainful under low and high threat instruction (2 � 2 factorial de-
sign). The experiment was divided into four runs each consisting of 30
trials. On each trial, a laser stimulus calibrated at the individual pain-
threshold level was applied to the dorsum of the right foot. Before stim-

ulus application, subjects were informed
whether the stimulus would be delivered to a
“low threat” or a “high threat” site (15 stimuli
applied to a low threat site, 15 stimuli applied
to a high threat site per run; see Threat manip-
ulation). The order of low and high threat trials
was pseudo-randomized with no more than
two consecutive trials of the same type. Follow-
ing stimulus delivery, participants were
prompted to indicate whether this stimulus
had been perceived as painful or not. Depend-
ing on this decision each trial was classified as a
pain or a no pain trial. The near-threshold
stimulation paradigm had been used in a re-
cent study by our group (Ploner et al., 2010).

Threat manipulation
To manipulate the perceived threat value of the
stimulation all participants underwent an ex-
perimental manipulation of the threat value of
the laser stimulation before they were posi-
tioned in the scanner. In this manipulation, a
red light was positioned over six predefined
sites on the dorsum of the right foot that were
later on stimulated during the experiment.
Participants were told that the purpose of this
procedure was to assess the properties of the
skin on the stimulation sites to ensure that the
application of the laser stimuli is safe. Depend-
ing on the properties of the skin, each stimula-

tion site would be classified as (1) fully approved, indicating that the skin
seemed robust enough to tolerate laser stimulation (low threat condi-
tion), (2) approved with reservations, that is the site of stimulation would
have to be closely monitored by the participant during the experiment to
detect potential changes in perception to prevent skin damage (high
threat condition), or (3) not approved because laser stimulation might
cause serious harm to the tissue. Each of the sites was marked by a
color-coded circle (not filled) on the skin according to the outcome of
this threat manipulation. Unknown to subjects, the device used for “skin
assessment” emitted a beam of light onto the skin but did not allow for
testing of any skin properties. It was predefined that three of the six test
sites would be classified as fully approved and three sites would be ap-
proved with reservations. The aim of this design was to ensure that the
stimulation would be perceived as more threatening in half of the trials
and as less threatening in the other half. The assignment of the six stim-
ulation sites to the two outcomes (i.e., fully approved vs approved with
reservations) and the color-coding were randomized between subjects.

Experimental procedures
During the fMRI experiment participants were shown a schematic rep-
resentation of the color-coded six sites of stimulation (Fig. 1) before the
application of each laser stimulus. A gray square, positioned around one
of the sites, informed them which site would be stimulated next. These
cues were presented on a projection screen that was positioned at the feet
of the participants and remained on the screen until the end of the laser
stimulation. Four to 8 s after the onset of the cue (“cue period”), the laser
stimulus was delivered to the cued site (“stimulation period”). Four to 6 s
after stimulus delivery, subjects were visually prompted to indicate their
decision by pressing one of the two response buttons without any time
constraints. The allocation of buttons to indicate the perception of pain
(“yes”) or no pain (“no”) was fully counterbalanced within and between
subjects. Each trial was concluded by a variable intertrial interval (ITI) of
10 –12 s during which a fixation cross was shown. At the end of each of the
four runs, subjects were prompted to rate the average level of pain inten-
sity and anxiety during both high threat and low threat trials on a Visual
Analog Scale (VAS) with the anchor points “0 � not painful/anxious at
all” to “100 � very painful/anxious” (duration: 10 s per rating). Note that
pain intensity ratings only refer to trials that were perceived as painful.
Stimulus presentation and response recording were implemented using
Presentation (Neurobehavioral Systems).

Figure 1. Experimental design. A graphic representation of the six stimulation sites was shown before stimulus application.
Fully approved sites were shown in a different color than sites approved with reservations. The site stimulated in the current trial
was highlighted by a gray square. Subsequently, the laser stimulus calibrated to pain-threshold intensity was applied to the right
foot. Participants were then prompted to indicate by a button press (here, left button for “yes” � pain and right button for “no” �
no pain) whether the stimulus had been perceived as painful or not. Assignment of buttons was varied from trial to trial. Following
the button press, the presentation of a fixation cross ended the trial.
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Laser stimulation
Cutaneous heat stimulation was delivered by a Nd:YAP laser (DEKA)
with a wavelength of 1340 nm, pulse duration of 4 ms and spot diameter
of 5 mm. At painful intensities these stimuli yield a pinprick-like sensa-
tion, whereas at nonpainful intensities stimuli are perceived as warm or
not perceived at all. To avoid sensitization or fatigue of primary nocicep-
tive afferents, the laser beam was moved to a different position after each
stimulus. After participants had been positioned in the magnetic reso-
nance scanner, pain thresholds were determined using a modified meth-
ods of limits approach (Warnaby, 2005). To ensure that the stimulation
intensity was as close as possible to the individual pain threshold
throughout the experiment the same calibration procedure was repeated
before each of the four runs. The average laser intensity at pain threshold
level was 1.44 J (SD, 0.23; range: 1.0 –1.75 J) for the first run, 1.63 J for the
second run (SD, 0.33; range: 1.0 –2.25 J), 1.83 J for the third run (SD,
0.42; range: 1.25–3.0 J) and 1.95 J for the fourth run (SD, 0.56; range:
1.25–3.75 J). Given that the same number of threat and non-threat trials
was presented in each run, adjustments in physical stimulation intensity
between runs applied to both trial types.

Analysis of behavioral data
First, we tested whether the number of trials rated as painful and the
number of trials rated as nonpainful were significantly different by per-
forming a paired t test. A nonsignificant difference would confirm that
overall the laser intensity was successfully calibrated at pain-threshold
level. Subsequently, the choice behavior and pain and anxiety ratings
were compared between the high and low threat condition, again
using paired t tests. With regard to choice behavior, the number of
trials that were perceived as painful in the two conditions was entered
into the analysis. For pain intensity and anxiety ratings, mean ratings
across all four runs were determined for both high and low threat for
each participant.

fMRI data acquisition
Functional imaging was performed on a 3T MRI system (Oxford Magnet
Technology) using a Nova Medical Inc. quadrature birdcage coil. Forty-
one axial slices (slice thickness 3 mm) were acquired using a gradient
echo echoplanar T2*-sensitive sequence (repetition time, 3 s, echo time,
30 ms; flip angle, 90°; matrix, 64 � 64; field of view, 192 � 192 mm 2). The
first four images were discarded to compensate for T1 saturation effects.

Image processing
Image processing and statistical analyses were performed using SPM8
(http://www.fil.ion.ucl.ac.uk/spm). To correct for subject motion, im-
ages were realigned to the first volume and unwarped (Andersson et al.,
2001). Images of all sessions were spatially normalized to a standard
echoplanar imaging template included in the SPM software package
(Friston et al., 1995) using a fourth-degree B-spline interpolation, and
finally smoothed with an isotropic 8 mm FWHM three-dimensional
Gaussian filter.

fMRI statistical analysis
To investigate the main effect of pain (i.e., “pain” vs “no pain” across high
threat and low threat trials) and the main effect of threat (i.e., “high
threat” vs “low threat”) during anticipation and stimulation, we esti-
mated subject-specific (first-level) linear models that included regressors
for all four combinations of threat (high vs low) and pain (pain vs no
pain) in both periods. Button presses were included as a regressor-of-no-
interest. Anticipation periods were modeled according to their respective
duration (i.e., 4 – 8 s). The modeled stimulus duration was 1 s. Serial
autocorrelation was modeled as a first-order autoregressive model, and
the data were high-pass filtered at a cutoff of 128 s. All inferences on the
anticipation and stimulation period were made at the second (between-
subject) level by entering the appropriate contrast into an ANOVA.

In a first step, main effects of both factors (i.e., threat and pain) and
their interactions were calculated separately for both time periods, the
anticipation and the stimulation period. The first interaction analysis
tested for brain regions showing a larger activation difference be-
tween pain and no pain trials under high relative to low threat ([pain–
no pain]high threat—[pain–no pain]low threat). The second interaction

identified brain regions showing a increased activation difference
between pain and no pain trials under low relative to high threat
([pain–no pain]low threat—[pain–no pain]high threat). For results of
both interaction analyses see supplemental Data (available at www.
jneurosci.org as supplemental material). To explore the neural mech-
anisms underlying the biasing effect of threat on pain perception we
performed three more specific analyses.

Conjunction analysis. First, we tested which of the brain regions that
showed increased activation during pain trials were also sensitive to our
threat manipulation. To this end, we performed a conjunction analysis
on the two main effects during the anticipation period (i.e., “pain � no
pain” and high vs low threat) that revealed significant activation in the
anterior insula (see Results).

Psychophysiological interaction analysis. Second, to identify brain re-
gions exhibiting a change in functional connectivity with the anterior
insula depending on whether pain or no pain was anticipated we per-
formed a psychophysiological interaction analysis (PPI) (Friston et al.,
1997). For each individual we extracted the BOLD time-series from the
voxels within a 4 mm sphere surrounding the activation peak of the
anterior insula cluster showing a main effect of threat (high vs low threat)
during anticipation (right anterior insula: 33, 23, �8 for x, y, z; left
anterior insula: �30, 20, �5 for x, y, z; 4 mm sphere). Next, PPI regres-
sors were computed as the element-by-element product of the mean-
corrected anterior insula activity and a vector coding for the differential
effect of pain and no pain. The individual contrast images reflecting the
interaction between the psychological variable (i.e., anticipation of pain)
and the activation time course in the anterior insula were subsequently
entered into a one-sample t test. To test whether the functional connec-
tivity between the anterior insula and the PAG changed as in our previous
study (Ploner et al., 2010), we performed a region-of-interest analysis for
the PAG (x, y, z: 0, �26, �16; 4 mm sphere) in addition to the whole
brain analysis.

Regression analyses. As outlined in the Results, the PPI analysis re-
vealed an increased functional connectivity between the anterior insula
and the anterior part of the midcingulate cortex (MCC). To explore the
role of the MCC and the functional significance of its enhanced coupling
with the anterior insula during anticipation, we performed two addi-
tional analyses as a third analysis step. First, we performed a simple
regression analysis to test whether the degree of coupling between the
anterior insula and the MCC during anticipation predicted the threat-
related bias toward pain. To obtain an individual measure for this bias,
we calculated the ratio of pain trials in high threat divided by the number
of pain trials in low threat trials for each participant. In the following, we
will refer to this measure as the bias index. A bias index of 1 indicates the
absence of a bias toward pain (i.e., the same number of trials were rated as
painful in the high and the low threat condition), values �1 indicate the
presence of a bias. All 16 subjects showed a threat-related bias toward
pain (mean � 1.52, SD � 0.69). First level PPI contrasts reflecting the
interaction between the psychological variable (anticipation of pain vs no
pain) and the activation time course in the anterior insula were entered
into second-level regression analyses using the bias index as the covariate.

Second, we investigated whether the MCC activation during stimulus
application scaled with the individual threat-related bias toward pain. If
the increased coupling between the anterior insula and the MCC indeed
reflected a preparatory response, we would expect subsequent MCC en-
gagement during stimulation to be more pronounced in participants
with a stronger bias toward pain under high threat. The bias index was
entered as a covariate into a second level simple regression analysis for the
contrast of high threat compared with low threat trials during stimula-
tion. In both regression analyses, region of interest analyses were per-
formed for the MCC identified in the PPI analysis (x, y, z � 3, 17, 22; 4
mm sphere) in addition to whole brain analyses.

As our study was designed to extend the paradigm established in our
previous study (Ploner et al., 2010), results are reported using the same
protocol for statistical thresholding, i.e., at a threshold of p � 0.001
uncorrected, except for a priori hypothesized regions that were thresh-
olded at p � 0.005, uncorrected. A priori regions included pain-related
brain regions of the primary and secondary somatosensory cortex, in-
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sula, anterior cingulate, orbitofrontal, medial and lateral prefrontal cor-
tex. All reported coordinates are given in MNI space.

Results
Behavioral results
As intended by our experimental design, no significant difference
was found between the number of stimuli rated as painful and
those rated as nonpainful across all trials ( p � 0.05). On average,
47% of all trials were rated as painful (SD � 10.3; minimum:
28%, maximum: 61%). In contrast, the number of trials classified
as painful was significantly higher in the high threat trials than in
the low threat trials (t(15) � �5.74, p � 0.001; Fig. 2A), indicating
that our threat manipulation had been successful. Furthermore,
during high threat trials, stimuli were perceived as more painful
(t(15) � �3.73, p � 0.002; Fig. 2B) and participants felt more
anxious (t(15) � �3.25, p � 0.005; Fig. 2C) than in low threat
trials. This suggests that an increased perceived threat value does
not only lead to a quantitative change in perception as indicated
by the difference in pain intensity but also to a qualitative change
from no pain to pain.

fMRI results
Pain versus no pain during anticipation and stimulation
To identify brain regions that were more active before stimuli
that were subsequently classified as painful compared with non-
painful stimuli, we analyzed the time window before the applica-
tion of the laser stimulus regardless of the threat condition. The
anticipation period of painful compared with nonpainful trials
was characterized by an increased activation in the right anterior
insula confirming our previous results obtained using a similar
experimental design (Ploner et al., 2010). Additional activations
were found in the left insula and right amygdala (supplemental
Table 1, available at www.jneurosci.org as supplemental mate-
rial). The reverse contrast testing for increased activation before
stimuli rated as nonpainful compared with painful, showed that
no cluster survived the threshold of p � 0.001 uncorrected (sup-
plemental Table 2, available at www.jneurosci.org as supplemen-
tal material for threshold p � 0.005 uncorrected).

During the application of the laser stimuli, trials classified as
painful were characterized by increased activation in several
brain regions commonly associated with pain processing such as
the MCC, contralateral posterior insula, and orbitofrontal cortex
(supplemental Table 3, available at www.jneurosci.org as supple-
mental material). The analysis testing for signal increase during

nonpainful compared with painful trials
did not yield any significant results.

High versus low threat during anticipation
and stimulation
The main effect of threat (summed over
painful and nonpainful trials) identified
regions responding to the presentation of
the visual cue signaling the pending stim-
ulation of a site that had been labeled as
“approved with reservations” compared
with “fully approved” sites (high threat–
low threat). This contrast revealed signif-
icant activation in the left anterior insula,
SII, orbitofrontal cortex, and dorsolateral
prefrontal cortex (supplemental Table 4,
available at www.jneurosci.org as supple-
mental material). The contrast low threat–
high threat revealed significant activations
in bilateral dorsomedial and dorsolateral

prefrontal cortex (supplemental Table 5, available at www.jneurosci.
org as supplemental material).

Stimuli applied in the high-threat compared with the low-
threat condition led to increased activation in the rostral an-
terior cingulate cortex extending into the medial prefrontal
cortex (supplemental Table 6, available at www.jneurosci.org
as supplemental material). The reverse contrast testing for
brain regions specifically activated during low threat com-
pared with high threat trial revealed a small activation cluster
in the temporal pole and cerebellum (supplemental Table 7,
available at www.jneurosci.org as supplemental material).

Brain regions integrating the level of threat into the decision
about pain
To identify brain regions showing sensitivity to both factors (i.e.,
pain and threat) before the application of the laser stimuli, we
performed a conjunction analysis on the two main effects (i.e.,
pain � no pain and high � low threat). This analysis revealed
significant activation in the anterior insula in both hemispheres
only (right: x, y, z � 33, 23, �8; z � 2.81; left: x, y, z � �27, 23,
�2, z � 2.88; Fig. 3), suggesting that these brain regions integrate
information about the threat value of a stimulation into the de-
cision about pain.

PPI analyses: functional connectivity of anterior insula
during anticipation
To identify brain regions showing an increase coupling with
the anterior insula when pain is anticipated, we performed a
PPI analysis for both the right and left anterior insula. No
significant result was found for the right anterior insula. In
contrast, the left anterior insula exhibited increased coupling
particularly with the midcingulate cortex (x, y, z � 3, 17, 22)
(Fig. 4; supplemental Table 8, available at www.jneurosci.org
as supplemental material). This result indicates that when the
stimulation is expected to be painful (which is more likely
under high than under low threat), the coupling between the
anterior insula as the key region holding this information and
the MCC becomes stronger before stimulus application. The
regions-of-interest analysis on the PAG previously reported to
covary with the anterior insula (Ploner et al., 2010) did not
reveal any significant result.

Figure 2. Behavioral data. A, In the high threat condition, participants perceived significantly more trials as painful compared
with the low threat condition. B, C, At the end of the experiment, participants rated the high-threat trials as more painful relative
to low-threat trials (B) and felt significantly more anxious (C). Error bars indicate SEs. ***: p � 0.001; **: p � 0.01.
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Further analyses on the role of the MCC: correlations with
individual threat-related bias toward pain
To explore the role of the MCC in more detail, we performed two
additional analyses. First, we hypothesized that if the increased
connectivity between the left anterior insula and the MCC during
anticipation is functionally significant for the perception of the
laser stimuli as painful, it should be more pronounced in partic-
ipants showing a stronger threat-related bias toward pain. We
therefore investigated whether the coupling between MCC and
left anterior insula was predictive of the individual choice behav-
ior. This regression analysis using a region of interest (ROI) ap-
proach did not reveal a significant result for the MCC found in
the initial PPI analysis (x, y, z � 3, 17, 22). However, the whole
brain analysis revealed that the coupling between the anterior
insula in a slightly more lateral cluster of the MCC was positively
correlated with the bias index (x, y, z � 12, 14, 28; z � 2.67;
supplemental Table 9, available at www.jneurosci.org as supple-
mental material). In a next step, we turned to the stimulation
period. If the increased coupling between left anterior insula and
the MCC during anticipation reflects a prestimulus “tuning” of
the MCC that becomes apparent when the stimulus is applied,
participants should show an increased MCC activation during
high compared with low threat stimulation the more they are
biased toward pain in the high threat condition. To test this hy-
pothesis, we investigated whether the MCC that showed in-
creased coupling with the left anterior insula during anticipation
was more activated in high compared with low threat trials dur-
ing stimulation in participants with a stronger bias toward pain.
The results of this regression analysis show that the bias index was
indeed positively correlated with activation of the MCC during
stimulation (x, y, z � �3, 11, 22; z � 5.57, Fig. 5; supplemental
Table 10, available at www.jneurosci.org as supplemental mate-
rial; correlation coefficient for 4 mm sphere around the peak
voxel: r � 0.944, p � 0.001). As confirmed by a subsequent ROI
analysis, this activation cluster in the MCC was in a similar loca-
tion as the MCC exhibiting increased functional connectivity
with the left anterior insula during anticipation (x, y, z � 0, 11, 25;
z � 4.79; familywise error correction p � 0.05).

Given that 2 of the 16 subjects showed a particularly strong
bias to perceive pain under high threat, we plotted the relative
frequency of decisions for pain (high threat/low threat) against
the activation in these brain regions for each individual to assess
whether these correlations were primarily driven by the two out-
liers. As shown in Figure 5B, the correlation decreased upon ex-
clusion of the two participants but remained statistically
significant (r � 0.75, p � 0.01).

Discussion
In this study, we investigated how the brain integrates the threat
value of an impending stimulation into the processing of this stim-
ulus to ensure that harmful stimuli are reliably detected. Our behav-
ioral results show that stimuli are more likely to be rated as painful if
they are believed to be potentially harmful. At the neural level, we
found that the prestimulus activation in the anterior insula reflected
the integration of the perceived threat value of the stimulation into
the decision about pain. Furthermore, the left anterior insula
showed a change in prestimulus functional connectivity with the
MCC, a key region in cognitive pain modulation, as a function of
pain anticipation. The same cluster in the MCC was subsequently
more engaged during stimulus application the stronger the threat-
related bias toward the classification of the stimuli as painful.

Our data indicate that—regardless of the threat manipula-
tion—prestimulus activation of the anterior insula is predictive

Figure 4. MCC showing a significant context-dependent covariation with the left anterior
insula during anticipation.

Figure 3. Anterior insula integrating information about threat-value into the decision about
pain (L, left; R, right). A, As revealed by a conjunction analysis, the right and left anterior insula
encoded the anticipation of pain (i.e., pain � no pain) and the processing of threat information
(i.e., high � low threat) in the anticipation period ( p � 0.005 uncorrected). For visualization,
activations are shown at a threshold of 0.05 uncorrected. B, C, Parameter estimates for the peak
voxels in left (B) and right anterior insula (C) plotted for illustration purpose (adjusted for effects
of interest). Error bars indicate SEs.
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for the perception of a stimulus as painful, replicating a key find-
ing of our previous study using a similar experimental design
(Ploner et al., 2010). The higher the signal level in the anterior
insula before stimulus application, the more likely the subse-
quently applied stimulus was perceived as painful. The results of
the present study extend the previous findings by demonstrating
that changes in the prestimulus anterior insula activation reflect
the integration of information about the salience of the impend-
ing stimulation. Activation in this region was lowest before the
application of less threatening stimuli which were perceived as
nonpainful and highest before more threatening stimuli which
were felt as painful (Fig. 3). Note that high and low threat trials
were presented in a randomized fashion within each of the four
runs, allowing us to test for trial-by-trial changes.

Anatomically, the anterior insula is well suited to integrate
different types of information into sensory processing as it is
strongly interconnected with other brain regions including the
frontal, parietal, and temporal lobe (Mesulam and Mufson,
1982a,b; Mufson and Mesulam, 1982) as well as the cingulate
gyrus (Augustine, 1996). In particular, the anterior insula has
access to information about emotional aspects of an experience as
shown by a large number of studies linking this brain structure
with anxiety (for review, see Paulus and Stein, 2006). Findings
from these and related studies suggest that the anterior insula

plays a key role in interoception which involves the monitoring of
sensations that are important for the integrity of the internal body
state including the arousal level (Gray et al., 2007) and connect-
ing to systems that are important for allocating attention, evalu-
ating context and planning actions (Craig, 2003; Critchley et al.,
2004; Veldhuizen et al., 2007; Singer et al., 2009). Interestingly,
activation in the anterior insula has recently been shown to scale
with magnitude ratings of pain and visual stimuli (Baliki et al.,
2009) providing further evidence for the notion that activation in
this region reflects the subjective experience of sensory input
rather than their objective features as first reported by Craig et al.
(2000). In line with our findings, Lovero et al. (2009) have re-
cently demonstrated that the prestimulus activation in the ante-
rior insula predicts the experience of touch.

To investigate the neural mechanisms by which the anterior
insula influences pain perception, we tested for brain regions that
showed changes in coupling with the anterior insula when the
stimulation was expected to be painful. As shown in Figure 4, the
analysis revealed an enhanced prestimulus coupling of the left
anterior insula with the anterior part of the MCC as a function of
pain anticipation. Anterior insula and MCC are commonly coac-
tivated, particularly in studies involving emotional processing
(Craig, 2009). The part of the MCC found here is involved in a
number of processes including pain and emotional processing,
but also salience, attention to behaviorally relevant stimuli, an-
ticipation, decision-making, motor activity, error detection and
conflict (Beckmann et al., 2009). In the context of pain, the MCC
has mostly commonly been associated with cognitive aspects and
particular attentional processing as opposed to more sensory or
affective aspects (for review, see Vogt, 2005). In line with results
presented here, Brown and Jones (2008) suggest that this MCC-
related cognitive processing of pain might affect pain processing
already during the anticipation period as MCC activation during
pain anticipation predicted the degree to which pain interfered
with performance of a cognitive task during the application of
noxious stimuli. Interestingly, Eippert et al. (2008) recently dem-
onstrated reduced habituation to painful stimuli in the MCC
after blocking opioid receptors using naloxone in a condi-
tioned fear paradigm. Together with previous observations on
opioid-mediated analgesia in the context of fear conditioning
in animals (Fanselow, 1998), this finding suggests that a sup-
pression of the opioid system might underlie a fear-related
increase in pain perception.

It has recently been postulated that the anterior insula and the
MCC are key nodes of a so-called salience network which detects
salient environmental changes regardless of the stimulus modal-
ity (Seeley et al., 2007; Taylor et al., 2009). Both studies found a
strong temporally correlated low-frequency (�0.1 Hz) activity
during rest between the anterior insula and a region in the cingu-
late cortex covering the anterior part of the midcingulate cortex
extending into the posterior division of the anterior cingulate
cortex—a region similar to the one identified in our PPI analysis.
Data from tracing studies in monkeys furthermore suggest direct
anatomical connections between the anterior insula and the
MCC (Mesulam and Mufson, 1982b; Vogt and Pandya, 1987).
Based on these findings it seems reasonable to assume that ante-
rior insula and MCC jointly encode the perceived threat value or
salience of the upcoming laser stimulation before stimulus en-
counter. This conclusion is supported by a recent study showing
similar anticipatory enhancement of cingulate and insular cortex
activation and functional connectivity that is correlated with
overestimation of the frequency of aversive pictures following an

Figure 5. Second-level analysis showing a positive correlation between the threat-related
bias toward pain and brain activation in high threat vs low threat trials during stimulation. A,
The simple linear regression analysis showed a positive correlation in the MCC between the bias
index used (number of pain decisions in high threat trials divided by number of pain decisions in
low threat trials) and contrast maps for high � low threat during stimulation. As shown in the
insert this MCC activation cluster overlapped with the cluster showing heightened connectivity
with the anterior insula during anticipation as revealed by PPI analyses (shown in yellow). B,
Scatterplot of the bias index and parameter estimates of the MCC in the simple regression
analysis. Note that on the x-axis, 1 indicates an equal amount of decisions for pain in the high
threat and low threat condition (i.e., no bias).
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uncertain cue, known as covariation bias (Sarinopoulos et al.,
2010).

Because the decision whether a stimulus is perceived as pain-
ful is only made after stimulus application, we investigated the
stimulus processing in high and low threat trials in more detail.
Although all 16 participants showed a threat-related bias toward
pain, the bias was stronger in some participants than in others.
We therefore tested in which brain areas the activation was pos-
itively correlated with the bias toward pain. As shown in Figure 5,
the activation in the MCC was most strongly correlated with the
bias index: The more often participants rated the stimulation at
high-threat sites as painful (compared with stimulation at low-
threat sites), the more active the MCC during stimulation at high
threat relative to low threat sites. A subsequent ROI analysis re-
vealed that the MCC activation found in this analysis was located
in the cluster showing enhanced coupling with the anterior insula
during anticipation. In contrast, activation in the anterior insula
during stimulation did not scale with the bias index. Finally, we
tested whether the prestimulus coupling between anterior insula
and MCC can predict the degree of threat-related bias during
stimulation. The threat-related bias was linked to increased
functional connectivity between the left anterior insula and
the MCC, although the MCC activation found in this analysis
was located slightly more lateral than the cluster identified in the
initial connectivity analysis and the MCC cluster engaged during
stimulation. Based on these data, we propose that the perceived
threat-value of a stimulation biases perceptual decision-making
in a stepwise fashion. Available information about the threat-
value of an impending stimulation are first processed and in-
tegrated in the anterior insula. Depending on the threat-level,
the anterior insula then connects with the MCC already before
stimulus encounter to tune its sensitivity for the upcoming
stimulation. During subsequent stimulus application, the
threat-dependent MCC engagement then ensures that poten-
tially more threatening stimuli receive more attention to en-
sure that they are reliably detected—a mechanism that is often
beneficial but might be maladaptive when nonthreatening
stimuli are inappropriately treated as harmful.

To conclude, we provide evidence that the anterior insula
plays a pivotal role in integrating information about the salience
of an impending stimulus into stimulus processing by connecting
to the midcingulate cortex. A transition in the salience of pain
from pain as a sign of external threat into an internalized disease
state has recently been discussed as a key process in the transition
from acute to chronic pain (Apkarian et al., 2009). Future inves-
tigations of the integrative function of the anterior insula and its
underlying neurochemistry might therefore provide a promising
target for improving our understanding of pain chronification.
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