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Abstract

Under physiological conditions, momentary pain serves vital protective functions. Ongoing pain in chronic pain states, on th
other hand, is a pathological condition that causes widespread suffering and whose treatment remains unsatisfactory. The

brain mechanisms of ongoing pain are largely unknown. In this study, we applied tonic painful heat stimuli of varying degree tas
healthy human subjects, obtained continuous pain ratings, and recorded electroencephalograms to relate ongoing pain to brainz
activity. Our results reveal that the subjective perception of tonic pain is selectively encoded by gamma oscillations in the <
medial prefrontal cortex. We further observed that the encoding of subjective pain intensity experienced by the participants ¢
differs fundamentally from that of objective stimulus intensity and from that of brief pain stimuli. These observations point to &
role for gamma oscillations in the medial prefrontal cortex in ongoing, tonic pain and thereby extend current concepts of th@i
brain mechanisms of pain to the clinically relevant state of ongoing pain. Furthermore, our approach might help to identify &
brain marker of ongoing pain, which may prove useful for the diagnosis and therapy of chronic pain.
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Introduction

Pain translates objective sensory information into a subjective
percept, which signals threat and thereby fulfills vital protective
functions. However, pain can also occur as an ongoing percept
without obvious sensory information. In such chronic pain
states, pain no longer serves a protective function, but represents
a pathological condition with devastating effects on quality of
life. About a fifth of the adult population suffers from chronic
pain, and treatment of these patients is often difficult and unsat-
isfactory (Breivik et al. 2006).

Our understanding of the brain mechanisms of pain is, howS
ever, largely based on studies investigating the processing of brief]
pain stimuli with a duration of milliseconds to seconds. Funcz
tional imaging work has revealed that such stimuli activate afg
extended network of brain areas including somatosensory, insu<*
lar, cingulate, and prefrontal cortices (Tracey and Mantyh 20073
Apkarian et al. 2013; Garcia-Larrea and Peyron 2013). Neuro™
physiological recordings have specified that these brain areas
generate different neural responses at frequencies from 3 to
100 Hz, that is, from theta to gamma frequencies, which
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represent different steps in the translation of objective sensory
information into a subjective percept (Garcia-Larrea et al. 2003;
Mouraux et al. 2003; Ploner et al. 2006a, 2006b; Gross et al. 2007;
Hauck et al. 2007; Schulz et al. 2011; Zhang et al. 2012).

In contrast, the cerebral encoding of ongoing, that is, tonic or
chronic pain and whether and how it differs from the encoding of
brief pain stimuli is far less well understood. The few existing
functional imaging studies indicated that ongoing pain activates
similar brain regions as do brief experimental stimuli (Di Piero
et al. 1994; Hsieh et al. 1995; Derbyshire and Jones 1998; Schreck-
enberger et al. 2005; Owen et al. 2010; Wasan et al. 2011). More re-
cent studies have revealed that ongoing pain particularly
engages the medial prefrontal cortex (Baliki et al. 2006, 2011,
Hashmi et al. 2013), which has been interpreted as a shift away
from sensory to emotional processes when pain is ongoing for
months and years (Hashmi et al. 2013). Likewise, the neuro-
physiological encoding of ongoing pain is largely undetermined.
Some studies have observed a decrease of neuronal oscillations
at alpha frequencies, that is, at around 10 Hz (Chen and Rappels-
berger 1994; Ferracuti et al. 1994; Chang et al. 2002; Dowman et al.
2008; Nir et al. 2012; Shao et al. 2012; Peng et al. 2014). A few other
investigations have found increases in the amplitude of gamma
oscillations (30-100 Hz) (Veerasarn and Stohler 1992; Dowman
et al. 2008; Peng et al. 2014). However, these neurophysiological
phenomena were not directly and unequivocally related to the
perception of ongoing pain.

In this study, we investigated the neurophysiological encod-
ing of ongoing, tonic pain by using electroencephalography
(EEG). We specifically combined tonic painful heat stimuli and a
continuous pain rating procedure with time—frequency analyses
of EEG recordings to relate time courses of subjective pain inten-
sity and objective stimulus intensity to those of frequency-
specific brain activity. We further compared the encoding of
tonic pain to that of brief painful stimuli.

Materials and Methods
Subjects

Forty-one healthy subjects (age 26 + 6 years [mean + standard de-
viation]; 22 females) participated in the experiment. All subjects
gave written informed consent. The study was approved by the
ethics committee of the Medical Faculty of the Technische Uni-
versitdt Miinchen and conducted in conformity with the Declar-
ation of Helsinki.

Paradigm

The paradigm comprised 3 conditions: The main tonic pain condi-
tion, a visual control, and a phasic pain condition.

In the main tonic pain condition, tonic painful heat stimuli
were delivered by a thermode (TSA-II, Medoc, Israel) to the dor-
sum of the subject’s left hand for a duration of 10 min. Subjects
were instructed to continuously rate the perceived pain intensity
on avisual analog scale (VAS) ranging from O to 100 and anchored
at no pain and worst tolerable pain using a custom-built finger-span
device implemented as a potentiometer controlled by their right
hand. The scale was simultaneously presented on a screen by &/
vertical red bar, the length of which represented the curreng
pain intensity rating. Stimulus intensity was continuously adQ
justed aiming to match the individual pain rating with a predeg
fined time course of pain intensity ranging from VAS 30 to 703
This time course included phases of steady and changing pain ing
tensity with VAS levels of 30, 40, 50, 60, and 70. The initial increases
and the final decrease of stimulus and pain intensity were not in%
cluded in the analysis, resulting in an 8-min time window for tht;sb\;
analysis marked by the light gray-shaded section in Figure 1. g

Avisual control condition was performed to control for the sencgb
sory, motor, and attentional components of the continuous pairs
rating procedure (Baliki et al. 2006, 2011; Hashmi et al. 2013). Th
temporally inverted time course of the individual pain intensity,
ratings from the tonic pain condition was visually presented a§
variations of the red bar over time. Subjects were instructed t§
continuously rate the length of the vertical red bar using the ﬁné
ger-span device controlled by the right hand. No painful stimulaz-
tion was applied. Thus, in the control condition, subjects did noE;—
rate the perceived pain intensity but the length of a visual bar, enfg
suring that the visual input and the motor components of the rat&
ing procedure were similar to the tonic pain condition.

In a further condition, the encoding of phasic pain was investi+
gated. To this end, 75 brief thermal laser stimuli were applied t%
the dorsum of the left hand using a Tm:YAG laser (Starmedte¢?
GmbH, Starnberg, Germany) with a wavelength of 1960 nm, &3
pulse duration of 1 ms, and a spot diameter of 5 mm. A distancé>
pin mounted to the hand piece of the laser device ensured a conZ
stant distance between skin surface and laser device. Stimulatiorf-
site was slightly varied after each stimulus to avoid tissue darn‘-O
age, and subjects were instructed to keep their eyes opend
Three seconds after each stimulus, subjects were prompted by;
an auditory cue to provide verbal pain ratings on a numerical ratg
ing scale (NRS) ranging from 0 to 100 anchored at no pain and worsé-
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Figure 1. Time courses of pain intensity and stimulus intensity. Group mean time courses of subjective pain intensity and objective stimulus intensity during tonic painful
heat stimulation of the left hand. Pain intensity was continuously rated on a VAS anchored at no pain and worst tolerable pain. Shaded areas around the curves depict the
standard error of the mean. The light gray section indicates the time window used for the analysis. For display purposes, mean time courses were low-pass filtered at

0.1Hz.
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tolerable pain. Stimulus intensity was varied aiming at eliciting
NRS ratings at the levels 30, 40, 50, 60, and 70. To this end, individ-
ual stimulation intensities were determined beforehand on the
basis of 15 laser stimuli with random intensities using a regres-
sion analysis relating objective stimulation intensities to subject-
ive pain ratings. To mimic the adaptive stimulation procedure of
the tonic pain condition and to control for potential habituation
and sensitization, laser intensities were adapted after 25 and 50
trials applying the same approach to the last 25 stimuli. The re-
sulting mean stimulus intensity and pain intensity ratings were
517 £ 71 mJ and NRS 38 + 20 (mean + standard deviation).

To match the temporal structure of the visual control with the
tonic pain condition, the visual control condition was performed
after the tonic pain condition. Otherwise, the order of conditions
was randomized across subjects. Subjects had a few minutes
break in between the conditions. During the recordings, subjects
were exposed to white noise through headphones to cancel out
ambient noise.

EEG Recordings and Preprocessing

During all conditions, EEG data were recorded using an electrode
cap (Easycap, Herrsching, Germany). The electrode montage in-
cluded 64 electrodes consisting of all 10-20 system electrodes
and the additional electrodes Fpz, FCz, CPz, POz, Oz, Iz, AF3/4,
F5/6, FC1/2/3/4/5/6, FT7/8/9/10, C1/2/5/6, CP1/2/3/4/5/6, TP7/8/9/10,
P5/6, and PO1/2/9/10, plus 2 electrodes below the outer canthus of
each eye. During the recording, the EEG was referenced to the FCz
electrode, grounded at AFz, sampled at 5 kHz (0.1 pV resolution),
and high-pass filtered at 0.5 Hz. The impedance was kept below
20 kQ. Continuous pain ratings and stimulation intensities, that
is, the temperature of the thermode, were fed into the EEG system
and simultaneously recorded as additional channels with the
same sampling frequency.

The raw EEG data were preprocessed using the BrainVision
Analyzer software (Brain Products, Munich, Germany) including
downsampling to 512 Hz, correcting for eye movements and
muscle artifacts using independent component analysis (Jung
et al. 2000), and transforming to the average reference. Subse-
quently, time frames exceeding an amplitude of 80 pV were re-
jected. For further artifact rejection, time—frequency analysis
was performed as described below. For each condition, data
were z-transformed for each frequency band across all time
points and electrodes. Time frames exceeding a z-value of 2 in
the gamma band (30-100 Hz) were considered as contaminated
with artifacts and also excluded from further analysis. For the
phasic pain condition, data were segmented into trials of —1 to
1.5 s with respect to the laser stimulus.

Due to poor data quality, data from 1 and 2 subjects had to be
discarded in the tonic pain condition and the visual control con-
dition, respectively.

Time-Frequency Analysis

Time-frequency analyses were performed using custom pro-
gramming on the basis of standard mathematical and signal
analysis functions in Matlab (Mathworks, Natick, MA, USA). To
decompose frequencies from raw EEG, we applied a sliding-
window Hanning-tapered, short-time Fast Fourier Transform-
ation. The window had a length of 512 data points (1 s) and was
shifted in steps of 20 data points.

For further analyses of the tonic pain and visual control con-
ditions, average power was computed for each time point in the
following frequency bands: theta (4-7 Hz), alpha (8-13 Hz), beta

(14-29 Hz), and gamma (30-100 Hz). In the tonic pain condition,
the initial increase and the final decrease of stimulus and pain in-
tensity were discarded resulting in an 8-min analysis window
(Fig. 1). The same time window was used for the analysis of the
visual control condition.

For further analyses of the phasic pain condition, power was
averaged across time-frequency windows of interest, which were
based on previous studies (Mouraux et al. 2003; Ploner et al.
2006a, 2006b; Gross et al. 2007; Hauck et al. 2007; Zhang et al.
2012) and covered the strongest laser-induced responses: theta,
4-8 Hz, 0.15-0.35 s; alpha, 9-13 Hz, 0.47-0.70 s; beta, 14-29 Hz
0.30-0.50 s; gamma, 76-86 Hz, 0.20-0.30 s (Fig. 4A).

BojuUMoQg

Relationship Between Pain/Stimulus Intensity and Brair§
Activity

o}

The focus of the study was to investigate the neurophysiologicag
encoding of subjective pain intensity and objective stimulus inZ
tensity during tonic painful stimulation. To this end, we fitted linf”:-
ear mixed models (LMMs) to the data from the tonic pairg”
condition using custom scripts in Matlab. For each electrode>
and frequency band, pain/stimulus intensity was taken as a re3
sponse variable and brain activity as a predictor. To account fog
the different subjects, we included a random intercept and ran—_g
dom slope. As an overall decrease of stimulus intensity ove
time was observed, this sensitization effect was removed by de%-
trending the time courses of stimulus intensity before the LMI\@
analysis. These analyses yielded a statistical estimate of th&
strength of the relationship between brain activity and paing,_
stimulus intensity. Threshold of statistical significance was sef
at P <0.05. False discovery rate (FDR) correction was performeoz\g
across electrodes to control for type I error (Genovese et al=
2002). To more closely determine the frequency distribution OE
significant relations, we averaged time-frequency-transformed;
brain activity across those electrodes showing significant effect@
and repeated the LMM fitting for those electrodes only but now?,
frequency-resolved in steps of 1 Hz between 1 and 100 Hz. N

As control analyses, we correspondingly fitted LMM on ther
basis of brain activity and the bar length rating from the Visuaz
control condition as well as on the basis of brain activity and»
the temporally inverted time courses of pain intensity from théJ
tonic pain condition. FDR correction for multiple testing was perg
formed across electrodes. These analyses controlled for the seng'
sory, motor, and attentional components of the continuous paizﬁ
rating procedure and the autocorrelation of the data, respectivelyo
In addition, we tested the specificity of the positive relation be&
tween pain intensity and gamma oscillations in the tonic painzr.
condition. At those electrodes with a significant effect, we comg’
pared the relation between tonic pain and gamma oscillations)
with the relation between the visual rating and gamma oscillag
tions and with the relation between the inverted time course of.
tonic pain intensity and gamma oscillations. Similar LMMs as be;
fore were fitted, now also including the main effect of conditiors
(tonic pain vs. visual control/tonic pain vs. inverted pain) in addé
ition to the main effect of brain activity. Again, to account for thé3
different subjects, those effects were modeled as random effectsy

Finally, we calculated LMM to assess the encoding of phasic
pain as described previously (Schulz et al. 2011). Based on the
phasic pain condition, this analysis related objective stimulus
intensities and subjective pain intensity ratings to the time-
frequency-transformed and baseline-corrected laser-induced
brain activity on a single-trial basis. Again, FDR correction for
multiple testing was performed across electrodes.
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Source Analysis

On the electrode level, 2 significant relationships between brain
activity and pain/stimulus intensity in the tonic pain condition
were identified: A positive relationship between pain intensity
and gamma oscillations and a negative relationship between
stimulus intensity and beta oscillations (Fig. 2). To localize the
sources of these relationships, we used the dynamic imaging of
coherent sources (DICS) beamforming approach (Gross et al.
2001) implemented in the open-source Matlab toolbox FieldTrip
(Oostenveld et al. 2011). The leadfield matrix was computed for
a 10-mm 3D grid using the boundary element method volume
conduction model, derived from the MNI template brain provided
by FieldTrip. Cross-spectral density matrices were computed sep-
arately for beta and gamma frequencies using a multitaper time-
frequency analysis on the EEG electrode data. By using DICS, a
spatial filter was created based on cross-spectral density matrices
of the entire time course. Electrode-level time-frequency data
were then multiplied by this filter to obtain time courses of
power for each grid point and the selected frequencies. Subse-
quently, LMMs were fitted as described before, now quantifying
the relationship between brain activity at gamma/beta frequen-
cies and pain/stimulus intensity on source level. For display pur-
poses, data were downsampled to 2 x 2 x 2 mm?, smoothed with a
12-mm Gaussian kernel, and thresholded at t=2.4 and -3.0.

Results

Neurophysiological Encoding of Tonic Pain

Figure 1 shows the group mean time courses of objective stimu-
lus intensity and subjective pain intensity in the main tonic pain
condition. The time courses show an initial increase of both mea-
sures followed by a phase of slow changes and a final decrease.
Furthermore, an overall decrease of stimulus intensity over
time was observed indicating a sensitization to the stimulation.
The initial increase and the final decrease of stimulus and pain
intensity were not included in the analysis, resulting in an
8-min time window for the analysis marked by the light gray-
shaded section in Figure 1. During this time window, group
mean stimulus intensity and pain intensity were 44 +0.8 °C and
VAS 47 + 25 (mean + standard deviation), respectively.

We first determined brain activity that encodes the sub-
jective perception of tonic pain. To this end, EEG data were

A

Pain
intensity

Stimulus
intensity

Theta

Alpha Beta

Gamma

time-frequency-transformed and time courses of brain activity
were computed for different frequency bands. These frequency-
specific time courses of brain activity were related to time
courses of subjective pain intensity by calculating LMMs. This
analysis yielded a statistical estimate of the strength of the rela-
tionship between brain activity and subjective pain intensity for
each electrode and frequency band. The upper row of Figure 2A
shows the topographies of this relationship for theta (4-7 Hz),
alpha (8-13 Hz), beta (14-29 Hz), and gamma (30-100 Hz) fre-
quencies. The results show that neuronal gamma oscillations
at frontal electrodes encoded the subjective intensity of toni%
pain (tmax =4.1 at electrode F3). Single-subject data indicat
that this relationship was not driven by outliers (Supplementaryg
Table 1). The peak frequency of this positive relationship be®
tween pain intensity and gamma oscillations was 84 H&
(Fig. 2B). No significant relationship between subjective pain inZF
tensity and brain activity was observed at theta, alpha, or bet§
frequencies. =
We next investigated the cerebral encoding of ob)ecth&
stimulus intensity during tonic painful stimulation. We now ref
lated time courses of stimulus intensity, that is, stimulation tem?é
perature to frequency-specific brain activity using LMM. I8
contrast to the encoding of pain intensity by frontal gamma oscil-—g
lations, we found that stimulus intensity was negatively relateds
to beta oscillations (Fig. 2A, lower row). This relationship was obd
served at an extended array of EEG electrodes lateralized to th%
right side, that is, contralateral to stimulus application (tmax = 4,;2_;
at electrode Fz). The peak frequency of this negative relationship
between stimulus intensity and beta oscillations was 15 Hg
(Fig. 2B). The relation was observed after removing effects du%
to sensitization by detrending the data before analysis. No s1gnlﬁg
cant relationship between stimulus intensity and brain activity=
was observed at theta, alpha, or gamma frequencies. We thus oba
served dissociation between the cerebral encoding of sub)ectlves3
pain intensity and objective stimulus intensity during tonic pain#

w
ful stimulation. 3
N
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To control for the visual and motor components of the continu 5

ous pain rating procedure, we performed a visual control condi®
tion (Baliki et al. 2006, 2011; Hashmi et al. 2013), which did no®
include the rating of pain but of the length of a visual bar%
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Figure 2. Neurophysiological encoding of pain intensity and stimulus intensity during tonic pain. (A) Topographies of the relationship between pain intensity/stimulus
intensity and brain activity as assessed by LMMs. LMMs were calculated for theta (4-7 Hz), alpha (8-13 Hz), beta (14-29 Hz), and gamma (30-100 Hz) frequencies. Positive
and negative relationships are depicted by warm and cold colors, respectively. Electrodes with a significant relationship between pain/stimulus intensity and brain
activity after FDR correction for multiple testing are marked by bold black dots. (B) Frequency spectra of the relationship between pain/stimulus intensity and brain
activity. LMMs were calculated for frequencies between 1 and 100 Hz for electrodes which had shown a significant relationship between pain/stimulus intensity and
brain activity as displayed in (A). The strongest (positive) relationship between pain intensity and brain activity was observed at 84 Hz, and the strongest (negative)

relationship between stimulus intensity and brain activity was found at 15 Hz.
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whereas the visual input and the motor components of the rat-
ing procedure were similar to the main condition. The results
of an LMM analysis relating the rating of the bar length to
frequency-specific brain activity did not show a significant rela-
tionship at any frequency band (Fig. 3, upper row). Furthermore,
an additional LMM analysis was performed, which specifically
assessed differences between the tonic pain and visual control
condition. This analysis focused on those frontal electrodes
where a significant relationship between gamma oscillations
and pain intensity in the tonic pain condition had been ob-
served. The results confirm that the relationship between
gamma oscillations and pain intensity differs significantly
from that between gamma oscillations and the visual rating
(tmax = 2.7 at electrode F3). This analysis indicates that the en-
coding of pain intensity by frontal gamma oscillations does
not reflect an encoding of visual information or motor compo-
nents of the rating procedure.

Finally, we performed a control analysis for the autocorrel-
ation of the data. To this end, we calculated another LMM ana-
lysis of the tonic pain condition, now using the temporally
inverted time courses of pain intensity ratings. The results did
not show a significant relationship between the inverted
time courses of pain intensity and brain activity at any frequency
or electrode (Fig. 3, lower row). In addition, at frontal electro-
des, where a significant relationship between gamma oscilla-
tions and pain intensity had been observed in the main
analysis, an extended LMM analysis confirmed a significant

Visual
control

Pain
inverted

Theta Alpha

Figure 3. Control conditions. Topographies of the relationship between brain activity and bar length rating in the visual control condition (upper row) and between brai

difference between the encoding of pain intensity and inverted
pain intensity (tmax = 2.8 at electrode F3).

Neurophysiological Encoding of Phasic Pain

We next compared the neurophysiological encoding of tonic pain
with the encoding of phasic pain. To this end, we applied 75 brief
thermal laser stimuli to the subjects’ left hand, obtained single-
trial pain ratings, recorded EEG, and determined stimulus-locked
time-frequency-transformed brain activity (Fig. 4A). We related
brain activity to objective stimulus intensity and subjective,
pain intensity by calculating LMM on a single-trial basis. Figure 4B
shows topographies of these relationships at theta, alpha, betaz
and gamma frequencies. For both stimulus intensity and pain in%
tensity, we found positive relationships to brain activity at thetd3
(tmax=8.2 and 9.0 at electrodes CP2 and CPz, respectively) and’
gamma frequencies (tmay =4.7 and 6.6 at electrodes FCz and C23
respectively), and negative relationships to brain activity af
alpha (tmax=—5.0 and -5.1 at electrodes CP1 and Pz, respectivelyﬁ
and beta (tmax = —3.2 and —4.2 at electrodes CP6 and FT8, respect®
ively) frequencies. The topographies show qualitatively similaf:}
widespread patterns for the encoding of both stimulus intensitys,
and pain intensity. They further indicate that gamma oscﬂlationg
encoding the subjective intensity of phasic pain are lateralized tqé
the right side, that is, contralateral to stimulus application. 8
As the temporal structure and signal-to-noise ratio of phasi%
and tonic pain fundamentally differ, we compared the encodin%
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activity and the inverted time course of pain intensity in the tonic pain condition (lower row) as assessed by LMMs. LMMs were calculated for theta (4-7 Hz), alphg
(8-13 Hz), beta (14-29 Hz), and gamma (30-100 Hz) frequencies. Positive and negative relationships are depicted by warm and cold colors, respectively. No mgmﬁcan%

relationships were observed after FDR correction for multiple testing.
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Figure 4. Neurophysiological encoding of pain intensity and stimulus intensity during phasic pain. (A) Group mean time—frequency representation of neuronal
responses to phasic painful stimuli at electrode FCz. Neuronal responses are displayed as percent signal change relative to a pre-stimulus baseline (-1000 to
0 ms). Positive and negative signal changes are depicted by warm and cold colors, respectively. (B) Topographies of the relationship between stimulus/pain
intensity and brain activity as assessed by LMMs. LMMs were calculated for time-frequency windows defined from previous studies (theta, 4-8 Hz, 0.15-0.35 s;
alpha, 9-13 Hz, 0.47-0.70 s; beta, 14-29 Hz, 0.30-0.50 s; and gamma, 76-86 Hz, 0.20-0.30 s). Positive and negative relationships are depicted by warm and cold
colors, respectively. Electrodes with a significant relationship between pain/stimulus intensity and brain activity after FDR correction for multiple testing are

marked by bold black dots.
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of both phenomena qualitatively on a descriptive level. The com-
parison shows 3 fundamental differences. First, for tonic pain, we
observed dissociation between the encoding of stimulus inten-
sity and pain intensity. In contrast, for phasic pain, we found
qualitatively similar patterns for the encoding of both stimulus
intensity and pain intensity. Secondly, the subjective intensity
of phasic pain was encoded by brain activity at different frequen-
cies, whereas that of tonic pain was encoded by prefrontal
gamma oscillations only. Thirdly, the subjective perception of
phasic pain was encoded by right-lateralized activity at central
electrodes, whereas the subjective perception of tonic pain was
encoded by gamma activity recorded from mid-frontal electro-
des. The direct comparison between tonic and phasic pain,
thus, reveals that the cerebral representation of both phenomena
differs fundamentally.

Brain Sources Encoding Tonic Pain

We finally determined the location of sources encoding tonic
painin the brain. Based on the results of the electrode-based ana-
lyses, we focused this analysis on the relationship between sub-
jective pain intensity and brain activity at gamma frequencies,
and the relationship between objective stimulus intensity and
brain activity at beta frequencies. The results revealed that the
area with the strongest relationship between pain intensity and
gamma oscillations was located in the mid-prefrontal cortex
(Fig. 5) adjacent to the premotor and cingulate cortices. The
strongest relationship between stimulus intensity and beta activ-
ity was found in the superior frontal cortex. The location and lat-
eralization of this latter relationship to the right hemisphere
suggests a significant contribution of sensorimotor areas.

Discussion

In the present study, we investigated the neurophysiological en-
coding of ongoing, tonic pain in humans. Our results show that,
during longer-lasting painful stimulation, the encoding of sub-
jective pain intensity dissociates from that of objective stimulus
intensity. Subjective pain intensity was specifically encoded by
gamma oscillations recorded over medial prefrontal cortex,
whereas objective stimulus intensity was negatively related to
beta oscillations lateralized to the hemisphere contralateral to
stimulation. Furthermore, a direct comparison reveals that

B 3.4
0

Figure 5. Brain sources encoding tonic pain. Locations of (A) the strongest
relationship between subjective pain intensity and brain activity in the gamma
band (30-100 Hz) and (B) the strongest relationship between objective stimulus
intensity and brain activity in the beta band (14-29 Hz) as assessed by LMM in
source space. Positive and negative relationships are depicted by warm and cold
colors, respectively. MNI coordinates of strongest relationships (peak locations)
were —4, 34, 36 in (A) and 8, —16, 68 in (B).

(t)

already at a timescale of minutes the encoding of tonic pain dif-
fers fundamentally from that of brief painful stimuli.

Previous evidence about the neurophysiological encoding of
ongoing pain is sparse. Our observation that objective stimulus
intensity was inversely related to neuronal oscillations at low
beta frequencies close to the alpha frequency band is in good
agreement with previous studies, which mostly showed a sup-
pression of beta and alpha oscillations during ongoing pain
(Chen and Rappelsberger 1994; Ferracuti et al. 1994; Chang et al.
2002; Dowman et al. 2008; Nir et al. 2012; Shao et al. 2012; Peng
et al. 2014). However, our study provides the first demonstratiorb
that objective stimulus intensity, but not subjective pain inteng
sity, of tonic pain is encoded in suppression of alpha/beta oscilla%
tions. This suppression might reflect the alerting function of pair¥y
(Ploner et al. 2006a, 2006b), which increases the excitability of
somatosensory cortex (Ploner et al. 2006a, 2006b) and supports
the attentional integration of pain (Palva and Palva 2011; Ma
et al. 2012; Hu et al. 2013). Even fewer studies have investigate%
neuronal gamma oscillations during tonic pain (Veerasarn an(g
Stohler 1992; Dowman et al. 2008; Peng et al. 2014). All of these re®
sults showed increases of gamma oscillations, but only a singl%
study related them to pain perception (Peng et al. 2014). However3
this study did not consistently observe gamma oscillations dur-—g
ing tonic pain and did not disentangle subjective pain intensit{s
and objective stimulus intensity. Therefore, it could not establist8
an unequivocal link between neuronal gamma oscillations an%
ongoing pain.

Comparatively few functional imaging studies have investi
gated the cerebral representation of ongoing pain. They observeds.
signal changes in brain areas that are also implicated in the prog
cessing of brief experimental pain, that is, in the thalamus ancg
somatosensory, insular, and cingulate cortices (Di Piero et al=
1994; Hsieh et al. 1995; Derbyshire and Jones 1998; Schreckenber§
ger et al. 2005; Owen et al. 2010; Wasan et al. 2011). A recent sem<;
inal series of investigations pursued a novel approach to thg
cerebral encoding of ongoing pain (Baliki et al. 2006, 2011; Hashm®;
et al. 2013). The authors conceptualized ongoing pain as a dyX
namic process, obtained continuous pain ratings, and performe
advanced analyses of fMRI data to relate the dynamics of ongoiné
pain to brain activity. The results revealed that ongoing pain at an
timescale of months and years is closely related to BOLD activit
in the medial prefrontal cortex. Based on these observations, th&
authors proposed a shift from brain circuits associated with seng‘
sory processes to emotional circuits during the development of
chronic pain (Hashmi et al. 2013). Here, we adapted this approach:::
to neurophysiological data and found that, already on a timescalé-
of minutes, the subjective perception of ongoing, tonic pain is enZ:
coded in the medial prefrontal cortex. We further found a freg
quency-specific neurophysiological signature of tonic pain, thag
is, neuronal gamma oscillations. Specifically, the amplitude of
gamma oscillations in the medial prefrontal cortex encoded.,
the subjective perception of pain but not objective stimulug\;
intensity. &

Recently, brief painful stimuli have been shown to inducéj_
gamma oscillations in somatosensory cortices (Gross et aly
2007; Hauck et al. 2007; Tiemann et al. 2010; Schulz et al. 20113
Zhang et al. 2012; Rossiter et al. 2013), which likely reflect the
local processing of sensory information (Donner and Siegel
2011) in the somatosensory cortex. In the physiological condition
of brief or acute pain, these sensory processes might faithfully
translate into the subjective perception of pain (Garcia-Larrea
and Peyron 2013). However, we here observed that, during long-
er-lasting painful stimulation, the encoding of the subjective per-
ception of pain dissociates from that of objective sensory
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information. Specifically, the perception of tonic pain was not en-
coded by gamma oscillations over the somatosensory cortex but
over the medial prefrontal cortex close to premotor and cingulate
cortices. This is in agreement with studies in monkeys which
showed that neural activity in the medial prefrontal cortex is
more closely related to the subjective perception of somatosen-
sory stimuli than to objective stimulus intensity (Romo and de
Lafuente 2013). Furthermore, premotor and cingulate cortices
are well known to be critically involved in the cerebral processing
of pain. The cingulate cortex is an integrative brain area at a high
level of the pain processing hierarchy (Garcia-Larrea and Peyron
2013). It has been proposed to integrate sensory, emotional, and
cognitive information (Shackman et al. 2011) in order to assign
behavioral relevance, or salience, to events and states (Legrain
et al. 2011; Borsook et al. 2013). This integrated salience signal
might represent the basis for the ultimate biological function of
pain, thatis, the choice and guidance of an appropriate behavior-
al response (Shackman et al. 2011). The encoding of tonic pain by
prefrontal gamma oscillations might therefore indicate that the
subjective perception of ongoing pain is more dependent on con-
textual, integrative, and evaluative-emotional than on sensory
processes, which more strongly determine the perception of
brief painful stimuli. Furthermore, magnetic resonance spectros-
copy has shown that tonic pain yields increased GABA concen-
trations in the cingulate cortex (Kupers et al. 2009). As gamma
oscillations depend on GABAergic neurotransmission (Buzsaki
and Wang 2012), our results are compatible with the hypothesis
that GABAergic dysfunction induces abnormal gamma oscilla-
tions, which might result in ongoing pain during chronic pain
states (Barr et al. 2013).

Several potentially confounding factors need to be consid-
ered. First, neuronal gamma activity can be confounded by mus-
cle activity. However, muscle activity is typically strongest at the
most frontal and lateral electrodes (Goncharova et al. 2003),
whereas we found the strongest relationship between perception
and gamma oscillations at midline electrodes. We, moreover, ap-
plied an independent component analysis-based correction for
muscle artifacts (Jung et al. 2000), and a source analysis based
on beamforming (which is comparatively robust against muscle
artifacts, Hipp and Siegel 2013) confirmed our results. Secondly,
our control conditions control for visual, motor, and attentional
effects but not for salience. The observed encoding of pain inten-
sity is therefore not necessarily pain-specific, but may reflect the
salience of pain. Thirdly, we applied a paradigm with slow
changes in stimulus intensity. This approach conceptualizes
tonic pain as a dynamic process, which corresponds to recent no-
tions on the dynamics of chronic pain (Baliki et al. 2006, 2011,
Foss et al. 2006; Hashmi et al. 2013) and allows for directly relating
pain perception to brain activity. The approach, however, implies
that our observations do not necessarily generalize to conditions
of ongoing pain with different dynamics, particularly to the years
and decades of ongoing pain in chronic pain states. Our study
nevertheless shows that the encoding of pain over a timescale
of minutes already differs substantially from that of brief painful
stimuli.

Taken together, we observed that tonic pain is encoded by
gamma oscillations in the medial prefrontal cortex. This encod-
ing pattern differs fundamentally from that of objective stimulus
intensity and from the encoding of brief experimental pain.
These results extend current concepts of the brain mechanisms
of pain to the clinically relevant state of ongoing pain. They spe-
cifically suggest that, already on a timescale of minutes, the per-
ception of tonic pain depends on emotional-evaluative circuits
rather than on sensory circuits. Moreover, the encoding of tonic

pain by prefrontal gamma oscillations in EEG recordings might
help to identify a spatially and frequency-specific functional
brain marker of ongoing pain, which could be useful for the diag-
nosis and therapy of chronic pain (Davis et al. 2012). Specifically,
it could serve as an interesting target for EEG-based neurofeed-
back approaches (Jensen et al. 2014).

Supplementary Material

Supplementary material can be found at: http:/www.cercor.
oxfordjournals.org/.
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