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The perception of pain is strongly influenced by cognitive processes, such as expectations toward the efficacy of pain medication. It is
reasonable to assume that such processes, among other sources of fluctuation, are reflected in ongoing brain activity, which in turn
influences perceptual processing. To identify specific prestimulus EEG activity, and connectivity patterns related to subsequent pain
perception in humans, we contrasted painful with nonpainful sensations delivered at the individual threshold level determined by the
psychophysical QUEST estimation method (Watson and Pelli, 1983). The 64-channel EEG was recorded using active electrodes during a
constant stimulation procedure. The power contrast between trials sorted by rating revealed a signal decrease of 8% before stimulus onset
in theta-band (4 –7 Hz) at T7/FT7 as well as increased theta-power by 6% at T8/FT8. Gamma-band power was increased (12%, 28 –32 Hz)
at frontocentral sites (all p � 0.05). Changes in theta-band power are covarying with subsequent pain perception, as well as lowered
frontolateral theta-band connectivity for painful percepts. A decrease in frontoparietal connectivity for painful sensations was also
identified in the gamma-band (28 –32 Hz). A single-trial logistic regression revealed significant information content in the EEG signal at
temporal electrode T7 in theta-band (p � 0.01) and frontal electrode F1 in gamma-band (all p � 0.02). The observed patterns suggest
top-down modulation of the theta-band effects by a frontocentral network node. These findings contribute to the understanding of
ongoing subjective pain sensitivity, potentially relevant to both clinical diagnostics and pain management.
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Introduction
The perception of pain is highly subjective and cannot be linked
to stimulus intensity alone. Indeed, many cognitive factors, such
as attention or expectation, influence whether we perceive a given
stimulation as painful (Koyama et al., 2005; Kupers et al., 2005).
By now, it has become evident that this perceptual modulation is

not only cognitive but also affects signal transduction on the
spinal level (Eippert et al., 2009a, b; Sprenger et al., 2012). A more
recent study has shown that expectation toward the analgesic
potency of opiates interacts with their efficacy, further illustrating
the strong impact of the perceptual transformation on nocicep-
tion (Bingel et al., 2011). In addition to the sensitivity modulation
by higher cognitive concepts, there are also accounts of the sen-
sory system using activity fluctuations to enhance its signal de-
tection and discrimination capabilities (Linkenkaer-Hansen et
al., 2004). Generally, the subjective perception of constant nox-
ious stimulation exhibits substantial intraindividual variability
(Coghill et al., 2003; Boly et al., 2007). This implies that a single
stimulus intensity can be experienced as painful, merely aversive,
or even nonpainful depending on the current cognitive state
(Brown et al., 2008; Wiech et al., 2008). Such a connection be-
tween prestimulus state of a neuronal assembly and subsequent
stimulus processing has been demonstrated for various cognitive
domains, such as attention (Thut et al., 2006), perception (Hes-
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Significance Statement

The perceived intensity of a constant stimulus is known to vary considerably across multiple presentations. Here, we used
state-of-the-art psychophysical methods in an EEG experiment to identify the specific neuronal activity before stimulus onset that
reflects the subsequent perception of pain. We found specific oscillatory activity at the bilateral insular cortices as well as connec-
tivity patterns that reflect and correlate with subsequent ratings. These results further the understanding of pain perception and
are potentially relevant for the decoding of ongoing pain sensitivity and pain management.
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selmann et al., 2008; Salari et al., 2014), and memory (Guderian et
al., 2009; Rutishauser et al., 2010). For pain, there is evidence that
functional connectivity between the brainstem and the anterior
insular cortex determines the susceptibility toward pain (Ploner
et al., 2010). It is largely unclear, however, what kind of prestimu-
lus activity is connected to subsequent processing. Likely candi-
dates are activity in the theta-band (4 –7 Hz) and gamma-band
(�28 Hz), which are evoked during pain processing (Schulz et al.,
2012a, b). A correlation between activity after stimulus presenta-
tion in both bands and intraindividual variations in the pain
experience has previously been demonstrated (Schulz et al.,
2011), but prestimulus effects were not yet examined. Further-
more, it is not fully understood how prestimulus activity is re-
lated to poststimulus responses and how both interact across the
stimulus onset. This also raises the question whether such a rela-
tionship occurs spontaneously or is top-down modulated by a
larger network. The aim of the current study was to examine
whether theta- and/or gamma-band activity in prestimulus time
varies systematically with subsequent perceptual decisions about
a stimulus of constant intensity being painful or not. We hypoth-
esized that the configuration of ongoing oscillatory theta/gamma
activity contains information about the subsequent perceptual
processing. This information should result in differential activity
between trials rated as painful versus nonpainful under constant
stimulation and allow inference about the subsequent ratings.
We further aimed to examine whether nociception-related pre-
stimulus patterns in theta- and/or gamma-band coincide with
differential states of oscillatory connectivity. Finally, we were in-
terested in localizing the most likely neuronal sources of the
identified differential activity. Likely candidates were the areas
previously reported for general pain processing, such as the insula
or anterior midcingulate cortex (Duerden and Albanese, 2013).
Because we contrasted painful and nonpainful conditions under
constant stimulation, the corresponding sources can be consid-
ered to contribute directly to the transition from innocuous per-
ception to painful sensation (Mouraux et al., 2011).

Materials and Methods
Participants. A total of 23 healthy right-handed participants were re-
cruited from the institute’s participant database. One participant did not
complete the experiment due to fatigue and difficulties concentrating.
Two more were excluded from the data because both were unable to
suppress an involuntary blink response to the painful stimulus. This
contaminated poststimulus data and rendered the analysis impossible.
The resulting sample thus contains 20 participants (9 female, mean age
26.9 � 6.9 years). All participants gave written consent and received a
compensation of 15 € per hour for their participation. The study was
approved by the local ethics committee (PV4509).

Experimental procedure. Participants were introduced to the study by
the experimenter and gave written informed consent.

Noxious stimulation was delivered by applying electrical current to the
abductor/flexor pollicis brevis of the left hand using a DS7A Peripheral
Stimulator (Digitimer). Stimulation was triggered by the experimental
script using MATLAB (R2009b; The MathWorks). The pulse length was
fixed at 2 ms, whereas the current was adjusted manually by the experi-
menter according to the value displayed by the script. Participants were
asked to direct their somatosensory attention to a freely chosen location
on their body and keep it there constantly throughout the experiment.

The first block of 40 trials (Fig. 1) was used to determine the 50% pain
threshold. Stimulation intensities were chosen according to suggested
values from the QUEST algorithm (Watson and Pelli, 1983). This algo-
rithm fits a psychophysical function by probing at stimulus intensities
optimized for the maximum likelihood estimation of a threshold. This
method is well suited because we wanted to efficiently determine the 50%
threshold, located at the midpoint of the psychophysical function (Leek,

2001). Participants were told the stimulus intensity would be chosen at
random by the computer. They were asked to rate each stimulation using
a mouse on a visual analog scale (VAS) after a 0.25 s delay. The scale
ranged from “no sensation” (0) to “most extreme pain” (100), the center
of the scale (50) representing the transition point between a strong sen-
sation and painful stimulation. Regarding the classification into “pain-
ful” and “not painful,” our experiment resembled a two-alternative
forced-choice task because the central point of the scale could not be
selected. Two separate thresholding runs of 20 trials each were randomly
interleaved to prevent participants from adjusting to the procedure. One
thresholding run started from an arbitrarily chosen “high” intensity,
whereas the other started out from a “low” intensity, to increase the
chance of convergence. The individual threshold intensity for each par-
ticipant was defined as the mean of the two final QUEST estimates.

Stimulus intensity was subsequently kept constant at threshold level
for the remaining trial blocks. Participants were not made aware of this
fact but asked to keep rating the stimuli on the VAS as they had done so
far. Dependent on the data quality assessed by online monitoring, par-
ticipants then completed an additional 4 – 6 blocks of 30 trials each. This
allowed us to directly compare painful and nonpainful sensations within
participants at constant stimulus intensity (Oertel et al., 2012).

On each trial, participants were asked to keep their eyes on a fixation
cross presented at the center of the screen. After a random waiting period
of 3–5 s, the stimulus was delivered. The VAS was presented onscreen 250
ms later. Participants rated the stimulus at their own pace. Following the
rating, the fixation cross was shown and the next waiting period began.
Visual material (fixation cross, instructions, rating scale) was ren-
dered using the Psychophysics Toolbox version 3 (Brainard, 1997;
Pelli, 1997; Kleiner et al., 2007) and displayed on a 23-inch TFT-
Screen (SyncMaster P2370; Samsung) positioned centrally at 1.1 m in
front of the participant.

The experiment lasted �45 min, and participants were offered to
take short breaks in between blocks. After finishing the experiment,
the true nature of the stimulation was revealed to the participants
by the experimenter.

Electroencephalographic (EEG) recordings. EEG data were acquired us-
ing a 64-channel Ag/AgCl active electrode system (ActiCap64; Brain-
Products) placed according to the extended 10 –20 system (Klem et al.,
1999). Sixty electrodes were used on the most central scalp positions. For
off-line artifact removal, a bidirectional, bipolar electrooculogram
(EOG) was recorded using the remaining four electrodes. The bipolar
EOG electrode pairs were placed above and below the left eye as well as on
the lateral ends of the bicanthal plane. FCz was used as reference elec-
trode for data recording, the ground electrode was placed at position Iz.
The signal was digitized at a sampling rate of 250 Hz and high-pass

Figure 1. Experimental procedure. Top, Forty trials of thresholding were followed by 4 – 6
blocks of 30 trials each with constant stimulation, depending on data quality. Bottom, Sche-
matics of a single trial: jittered 3–5 s waiting period (intertrial interval, ISI) followed by stimu-
lation and the visual analog scale for pain rating after 250 ms.
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filtered with a cutoff of 0.5 Hz at recording. All impedances were kept
�20 k�.

Data analysis. To test whether the participants habituated to the pre-
sented stimuli, we performed a linear regression on the individual rating
medians per trial block.

EEG data were analyzed using the FieldTrip toolbox (Oostenveld et al.,
2011). For each subject, data were epoched into 2 s trials from �1500 ms
to 500 ms around the stimulus onset. For artifact rejection, a 2000 ms
padding was added before and after the trials. To assist with visual artifact
rejection, an automatic artifact tagging was then performed on the data,
calculating trial-based z-scores for EOG artifacts (1–15 Hz), muscle arti-
facts (100 –120 Hz), and peaks in absolute difference between subsequent
samples. Trials were then screened for unusual deviations in their maxi-
mum z-scores by the experimenter, and an individual threshold for each
dataset was chosen. All trials were additionally subjected to a full visual
scan of the raw data. Epochs contaminated by artifacts were removed
from the dataset in their entirety (24 trials per participant on average).
The remaining trials for each subject were split into a “pain” and “no-
pain” condition according to the VAS ratings. This was done by sorting
the trials by rating in ascending order and selecting a matching number of
trials from each end of the list until no more trials were left in either one
of the conditions.

Data were transformed into the time-frequency domain using the
multitaper method (Thomson, 1982; Mitra and Pesaran, 1999). Slepian
sequences were used as tapers; frequency resolution was 1 Hz with a
frequency range from 2 to 45 Hz. Time resolution was 50 ms. Length of
the time window was varied from 1 to 800 ms; spectral smoothing varied
from 2 to 4 Hz across the frequency spectrum. The resulting time-
frequency spectra were then averaged for each participant and condition.
A grand average across participants was calculated, and power differ-
ences were visualized in time-frequency space by calculating the relative
signal change between the grand averages of the “no-pain” and “pain”
conditions. By subtracting the spectra of both conditions within-
participant, the “no-pain” condition served as a baseline for the “pain”
condition. This allowed us to analyze the resulting data without resorting
to a time-dependent baseline. Due to the time-lock on stimulus onset
and averaging, systematic activity was amplified while random activity
was attenuated.

To examine functional connectivity, we calculated the trial-based
phase locking value (PLV) (Lachaux et al., 1999) for all channel combi-
nations in both conditions. Oscillatory phase synchronization can be
interpreted as connectivity measure, which reflects the exchange of in-
formation between different neuronal populations (Nunez et al., 1997;
Sauseng and Klimesch, 2008). Grand averages were generated as for the
time-frequency data. The difference between connectivity in the “pain”
and “no-pain” conditions was then calculated.

To test the power and connectivity differences statistically, a Monte
Carlo permutation, including 5000 iterations per run, was used. This
yielded a permutation distribution of the significance probabilities for
dependent-samples t tests between “pain” and “no-pain” conditions for
each time-frequency point. Statistics were calculated in the time range
of �900 ms to 400 ms, to be able to relate any effects across the stimulus
onset. To correct for multiple comparisons in the power analysis, the
false discovery rate (FDR) was controlled at q* � 0.05 (Benjamini and
Hochberg, 1995; Genovese et al., 2002). In the connectivity analysis, we
controlled for multiple comparisons with a nonparametric, cluster-
based permutation statistic, as implemented in the FieldTrip toolbox
(Maris et al., 2007).

To test our hypothesis on significant information content in the
theta-/gamma-bands, we used a logistic regression model predicting pain
ratings from single-trial EEG data from all electrodes over frontal and
temporal sites that exhibited significant power differences in the
group-level analysis, four time windows (�1 s to stimulus onset in 250
ms steps) and theta/gamma frequency bands. The model was fitted on
z-transformed data within participants and frequency bands across time
and conditions. To make sure the model was not picking up on random
noise, we compared it against a random model (predicting rating out-
comes at 50% probability) and an arbitrary model, using EEG data from
randomly selected frequency bands and time windows, excluding the

ones identified by our test model. To assess whether the reliability of our
test model was compromised by sampling bias, we estimated the accu-
racy of the three models using a bootstrapping procedure (Efron, 1979;
Chernick, 2011), resampling the trial data 10,000 times. This allowed us
to estimate how well the model resisted changes in trial order, the com-
position of the present sample, and outliers in the data. To test whether
the test model reliably outperforms the random and arbitrary models, we
calculated CIs around the estimated bootstrap accuracies and computed
Cohen’s d as effect size measure for the differences (Cohen, 1988).

For connectivity, we restricted our focus on the seeding sites identified
in the initial power analysis. We tested the connectivity of each seeding
electrode against other local neighbors (local connectivity), and con-
tralateral or frontal electrodes (lateral and frontal connectivity; for details
on the areas, see Fig. 4). All connectivity data are reported cluster-
corrected with a cluster threshold of p � 0.05, 3 minimum neighbors and
5000 iterations for the permutation statistics.

To localize the sources of the observed power differences in 3D head
space, we used the exact low resolution brain electromagnetic tomogra-
phy (eLORETA) method (Pascual-Marqui et al., 2011). To this end, we
calculated the average cross-spectrum for each participant in each of the
pain and no-pain conditions before passing the data to the LORETA
software. We used the eLORETA paired group test to create t-maps of
differences between the pain and no-pain conditions in source space.
Because we wanted to locate the generators of the power differences, no
thresholding was performed, but the source differences with the largest
t-values were exported for display.

Results
Behavioral data
The overall median rating was 50.10, suggesting that the QUEST
algorithm was successful at identifying the individual threshold
intensities. Regression of the median ratings over the blocks did
not show a significant change over the time course of the exper-
iment (� � �0.003, p � 0.84). This indicates that no habituation
or sensitization toward the presented stimuli has occurred. Al-
though the median rating reflects the 50% threshold, the variabil-
ity of ratings was smaller for “pain” ratings (SD � 4.63) than for
“no-pain” ratings (SD � 14.69).

Oscillatory power
Permutation testing yielded significant clusters in the prestimu-
lus time range in the theta-band (4 –7 Hz) as well as gamma-band
(cluster at 28 –32 Hz). In theta-band, the relative signal change
between “no-pain” and “pain” ratings occurred temporally later-
alized, with a signal decrease of 8% on the ipsilateral side and a
power increase of 6% on the contralateral side. Permutation test-
ing showed a significant power decrease in the �600 ms to 0 ms
time range at electrodes FT7 and T7 (tmin � �3.06, p � 0.05, FDR
corrected). A significant power increase was detected in the
time range of �800 ms to �200 ms at FT8 and T8 (tmax � 2.77,
p � 0.05, FDR corrected). For the gamma-band, significant
effects were found on frontal as well as temporal electrodes
extending from �600 ms up to stimulus onset at Fz, F1, FC1,
and FCz (tmax � 3.67, all p � 0.05, peak signal increase 12%,
FDR corrected). Detailed displays of the observed effects are
given in Figures 2 and 3.

The power effects in the poststimulus time range differed
from the prestimulus effects. For theta-band, the ipsilateral
power decrease disappeared after stimulation, whereas the max-
imum of the contralateral power increase shifted to parieto-
occipital sites. The relative power increase in gamma-band after
stimulation was located more laterally.

Connectivity
Trial-based phase-locking indicated systematic functional cou-
pling differences between pain and no-painful sensations in the
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theta- and gamma-band in the prestimu-
lus as well as in the poststimulus period, as
assessed from the seed electrodes Fz and
T7/FT7 as well as T8/FT8 (Fig. 4). Pre-
stimulus connectivity in the theta-band
(4 –7 Hz) was decreased at a cluster be-
tween Fz and ipsilateral parietotemporal
sites (maximum PLV decrease by 0.12 at
T7 and FT7, all p � 0.05, cluster cor-
rected) in trials where the consecutive
stimulus was experienced as painful. At
the same time, there was increased con-
nectivity between contralateral temporal
electrodes T8 and FT8 locally as well as to
a cluster on the contralateral side (maxi-
mum PLV increase 0.13, all p � 0.05, clus-
ter corrected). During the poststimulus
interval, this pattern changed to an in-
creased connectivity between ipsilateral
temporal sites T7 and FT7 and an area
comprised of contralateral frontotempo-
ral and parietotemporal sites. Another
significant difference in connectivity be-
tween pain and no-pain trials was found
in the gamma-band (28 –32 Hz, maxi-
mum PLV decrease by 0.12, p � 0.05,
cluster corrected). For prestimulus time-
frames ��0.2 s the connectivity was in-
creased between Fz and a parietotemporal
cluster around P6 for painful trials (see
Fig. 4c).

Source localization
The localization t-maps of generators
for the scalp power differences in theta-
band revealed two generators at the bi-
lateral insular cortex (IC, Fig. 5a). The
ipsilateral IC was less active for subse-
quent painful ratings (tmin � �0.058),
whereas the contralateral IC was more
active (tmax � 0.104).

eLORETA also revealed a pronounced
theta-band difference in the general re-
gion of the contralateral precuneus and/or
posterior cingulate (tmax � 0.103; Fig. 5b).

For the low gamma-band, the source
localization revealed a single generator in
the contralateral IC (tmax � 0.182; Fig. 6).

Information content
The logistic regression model identified
three significant predictors from the 32
possible features. One significant predic-
tor was identified in the theta-band at the
ipsilateral temporal electrode T7 in the
time window between �0.25 s and 0 s
(b � �0.48, p � 0.009). Two significant
predictors have been identified in the
gamma-band at the frontal electrode F1
between �0.75 s and �0.25 s (bmax �
0.61, p � 0.011). The single-trial informa-
tion from the contralateral temporal
electrode FT8 in the time window be-

Figure 2. Power effects in the theta-band (4 –7 Hz). a, Time-frequency plot of the difference between pain and no-pain trials
averaged across electrodes T7/TF7 (top) and T8/TF8 (bottom). Solid outline indicates the prestimulus effect identified by permu-
tation testing (tmin � �3.06, tmax � 2.77, all p � 0.05, FDR corrected). Dotted outline indicates the data region used as
significant regression predictor in single-trial analysis (b � 0.61, p � 0.011). b, The topographies show relative power differences
(dB) between pain and no-pain trials in the prestimulus time range (top) and poststimulus time range (bottom). *Electrodes
showing significant effects.

Figure 3. Power effects in the log gamma-band (28 –32 Hz). a, Time-frequency plot of the relative power difference (dB)
between pain and no-pain trials averaged across electrodes Fz, F1, FC1, and FCz. Solid outline indicates the prestimulus effect
identified by permutation testing (tmax � 3.67, p � 0.05, FDR corrected). Dotted outline indicates the data region used as
significant regression predictor in single-trial analysis (electrode F1, b��0.93, p�0.045). b, Topographies show relative power
differences (dB) between pain and no-pain trials in the prestimulus time range (top) and poststimulus time range (bottom).
*Electrodes showing significant effects.
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tween �1 s and �0.5 s was not significant but showed a trend in
that direction, being the fourth most informative predictor (b �
0.38, p � 0.056). Except for the contralateral-positive difference
at T8/FT8 which did not significantly contribute to the model, the
identified predictors basically overlap with the power effects on
group level (Figs. 2, 3).

In terms of single-trial accuracy in classifying the pain re-
sponses, the model is only moderately powerful (acc � 0.565, CI
[0.565, 0.566]), but it is significantly better than chance (acc �
0.500, CI [0.499, 0.500]). The model extracts a substantial
amount of information in terms of effect size (Cohen’s d � 4.50).

Also, it significantly outperforms the arbitrary model based on
randomly assigned EEG data (acc � 0.506, CI [0.5060, 0.5064]),
which cannot extract meaningful single-trial predictions (Co-
hen’s d � 0.45 vs the random model). The small bootstrap CI of
model accuracy also indicates that the results are not likely to be a
result of sample bias.

Discussion
The present study examined the neuronal activity in the pre-
stimulus time range specific to the subsequent perception of pain.
By using constant stimuli at the pain threshold, we were able to

Figure 4. Connectivity effects. Time-frequency plots of different electrode pairs reflect changes in PLV between pain and no-pain trials. Topo-plots represent the locations of the plotted electrode
pairs. Red represents an increase in connectivity. Blue represents a decrease. The matching category is indicated on the bottom right of each topo-plot. Depicted are visualizations of PLV differences
from seed electrodes. a, PLV differences in the theta-band (4 –7 Hz) and prestimulus time window (�0.8 to 0 s). b, PLV differences in the theta-band (4 –7 Hz) and poststimulus time window
(0 – 0.4 s). c, PLV differences in the gamma-band (28 –32 Hz) for the prestimulus time window (�0.8 to 0 s). Time-frequency points within the solid lines are significant at p � 0.05 (cluster
corrected).

Figure 5. eLORETA generators for the scalp power differences in the theta-band. a, Differential activity in bilateral insular cortex (tmax � 0.104, tmin � �0.058). b, Differential source activity
in the precuneus/posterior cingulate area (tmax � 0.103). Yellow/red: increase, blue: decrease.
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observe differences in activity between painful and nonpainful
sensation independent of stimulus magnitude. The median of
ratings just at the threshold indicates that the psychophysical
anchoring of stimulus intensity was successful. The invariance of
mean ratings over the course of the experiment rules out effects of
habituation or sensitization. It is thus safe to say that the observed
systematic effects that distinguish the painful from the nonpain-
ful trials must originate from spontaneous intraindividual fluc-
tuations of neuronal activity and are not caused by external
manipulations or linear changes over the course of the experi-
ment, such as gradual weariness.

Power differences and generators
Oscillatory activity in the theta- and gamma-band was enhanced
on group level in the prestimulus period in cases where the stim-
ulus was rated as painful, compared with those cases when the
stimulus was perceived as nonpainful. This suggests that ongoing
activity in these bands is connected to subsequent sensory pro-
cessing and specific to pain. These findings are also in line with
previous research observing a long-lasting increase in theta-band
power and a downshift of the cortical frequency spectrum in
chronic pain (Sarnthein et al., 2006), and neuropathic disease
(Walton et al., 2010), probably due to the inherent sensitization
to pain under such conditions.

Prestimulus theta activity on group level showed a topo-
graphic pattern indicating the involvement of temporal sites.
This result matches the result from the single-trial logistic regres-
sion analysis. The topography for gamma also followed this pat-
tern, although significant differential gamma activity in group
level occurred at more frontal sites. Source localization, however,
revealed generators for both theta and gamma activity in the
insular cortices. This is in line with the insula being regarded as an
area integrating multiple sensory and affective inputs into a com-
mon percept. Previous studies have shown that, in this function,
the insular cortex region is contributing to the perception of pain
(Starr et al., 2009; Brodersen et al., 2012; Oertel et al., 2012; Seg-
erdahl et al., 2015). Our results add to this interpretation because
they demonstrate that the insula is not only involved in sensory
processing of noxious stimuli but also involved in the modula-
tion of the ongoing susceptibility to pain.

In addition, source localization also revealed a pronounced
pain-specific increase in theta-band activity in the general region
of the contralateral precuneus and/or posterior cingulate (PCC).
This is in line with recent findings linking baseline functional
connectivity between the default mode network and the PCC to
pain responses in chronic back pain patients (Loggia et al., 2013).

The PCC has also been indicated in self-referential processing
(Cavanna and Trimble, 2006; Goffaux et al., 2014). Our results
thus add to this interpretation, relating the ongoing state of theta
activity in the precuneus/PCC to the formation of a pain percept
after stimulus onset.

Network dynamics
Apart from the specific generators and frequencies involved in
the prestimulus modulation of pain perception, we were inter-
ested in the dynamics behind the occurrence of the patterns we
observed. The connectivity analysis reveals that the power differ-
ence in the ipsilateral insula coincides with a prestimulus connec-
tivity pattern suggesting a frontocentral involvement. It should
be noted that the connectivity changes cannot be explained as a
simple reflection of the power effects because the phase locking
value estimates connectivity independent of power. Thus, the
observed connectivity patterns involving the frontal and tempo-
ral sites are specific to establishing the lateralized theta-band
power states reflecting the sensitivity setting for the next stimu-
lus. Interestingly, for the gamma-band, we observed a connection
between frontal and parietotemporal areas on the contralateral
side. This network was more strongly interconnected in painful
trials. It seems likely that activity in both bands originates from
the same area, possibly the anterior midcingulate cortex or the
dorsomedial prefrontal cortex. The anterior midcingulate cortex
is part of the cortical network exhibiting pain responses (Peyron
et al., 2000; Chapin et al., 2012), whereas the dorsomedial
prefrontal cortex is well connected to the bilateral insula and
salience network (Eickhoff et al., 2016). Regardless of the exact
localization of this frontocentral network node, the observed
connectivity pattern indicates that the modulation in pain-
specific prestimulus activity is a top-down process within a net-
work, rather than caused by freely fluctuating network nodes.

This interpretation is backed by single-trial results from the
logistic regression analysis. The regression model incorporates
the information from both frontocentral gamma as well as tem-
poral theta-power. The regression model thus incorporates mul-
tivariate single-trial information that might contain information
about more complex interactions that are lost in averaging. In-
deed, the parallel use of both single-trial and averaged informa-
tion might help to further disentangle such interactions in future
studies.

Interactions across stimulus onset
The effects we observed occurred before stimulus onset during a
time range that traditionally constitutes the interstimulus inter-

Figure 6. eLORETA generator for the scalp power differences in the gamma-band revealing a single effect in the contralateral insular cortex (tmax � 0.182). Yellow/red: increase, blue: decrease.
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val. Since we kept experimental conditions constant and only the
participants’ ratings were used in contrasting pain and nonpain
conditions post hoc, the effects must originate from ongoing ac-
tivity fluctuations during rest. A straightforward interpretation
would be that the period before the stimulus can be regarded as a
baseline of activity that is carried forward to poststimulus pro-
cessing. However, a more complicated, nonadditive interaction
of prestimulus activity with the later processing stages has previ-
ously been established for other perceptual domains (Hessel-
mann et al., 2008).

Our results show that theta-band effects are specific to the
prestimulus time range and end at stimulus onset. This is also
reflected in the changing topography and polarity of effects post-
stimulus. For the gamma-band, the topography of power differ-
ences seems to stay similar across the stimulus onset. However,
the maxima of the central gamma-band power effects are limited
to the prestimulus time range. For connectivity, the theta-band
pattern is also specific for prestimulus and poststimulus intervals.
The frontocentral sites associated with the gamma-band power
effects are interconnected with both temporal areas; however, the
pattern observed in theta power is not fully present in theta con-
nectivity. Instead, we found connectivity between frontal and
contralateral parietotemporal areas in gamma-band. This pattern
is consistent with a cross-frequency interplay between frontal
gamma-activity and temporal theta-activity across stimulus on-
set. The theta-band effects are nonadditive and prestimulus spe-
cific, indicating that they interact with poststimulus processing in
a more elaborate way. Furthermore, the prestimulus power dif-
ference in theta-band was predictive for pain ratings, which
indicates a significant role in the formation of the behavioral
response. The gamma-band connectivity seems a likely candi-
date for the transmission of the effect across frequency bands.
Together, these findings suggest a top-down moderating role of
frontal gamma-band activity in the perceptual nociceptive trans-
formation, such as general perceptual sensitivity. The theta-band
activity is specifically related to distinct stages of preparation and
processing in the nociceptive system across stimulus onset.

The occurrence of systematic ongoing changes in oscillatory
activity as well as connectivity are by now widely accepted
(Raichle, 2010; Sadaghiani et al., 2010). It is still an open ques-
tion, however, whether these fluctuations resemble pure atten-
tional or arousal effects or are intrinsic to the sensory detection
system (Linkenkaer-Hansen et al., 2004). To best possible
suppress any external effects on attention and expectation, we
instructed participants to keep their somatosensory attention
constantly focused throughout the experiment. We also led par-
ticipants to believe that the stimulation was random, so no ex-
plicit external modulation of expectation was induced. The fact
that the prestimulus effect is most dominant in the theta-band
and within the insula underlines the specificity of the observed
effects for pain processing and make unspecific fluctuations, such
as arousal or attention, unlikely (Dockstader et al., 2010; van Ede
et al., 2010).

In conclusion, we were able to show that the activity pattern
present at the bilateral insular cortex just before stimulus onset sys-
tematically determines the subsequent pain percept under constant
stimulation. Herein, the ongoing activity in the theta-band is pain
specific and also correlates with behavioral responses. The activity
in the gamma-band seems to reflect frontocentral processes related
to top-down modulation of the nociceptive system. Our data suggest
that these processes might be mediated by gamma-band connectiv-
ity between frontocentral and temporal areas. We thus conclude that
the resulting ongoing variability in the susceptibility to pain is a

systematic effect of complex network dynamics. Our current results
as well as future work on this subject might prove beneficial for a
deeper understanding of the psychophysical anchoring of pain sen-
sation. Such knowledge could serve as a basis for decoding ongoing
pain sensitivity in clinical settings. Also, our results further underline
the importance of the insular cortex and potentially the PCC as a
potential therapeutic target in pain management.
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