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Objective: The aim of the present study was to characterize the cortical source generators
evoked by experimental tonic pain.

Methods: Electroencephalography (EEG) was recorded on two separate days during rest and
with immersion of the hand in ice water for 2 minutes (cold pressor test). Exact low-resolution
brain electromagnetic tomography source localization was performed in 31 healthy volunteers
to characterize the cortical source generators.

Results: Reliability was high in all eight frequency bands during rest and cold pressor con-
ditions (intraclass coefficients =0.47—0.83 in the cingulate and insula). Tonic pain increased
cortical activities in the delta (1-4 Hz), theta (48 Hz), betal (12-18 Hz), beta2 (18-24 Hz),
beta3 (24-32 Hz), and gamma (32—60 Hz) bands (all P<0.011) in widespread areas mainly in
the limbic system, whereas decreased cortical activities were found in cingulate and pre- and
postcentral gyri in the alpha2 (10—12 Hz) band (P=0.007). The pain intensity was correlated
with cingulate activity in the beta2, beta3, and gamma bands (all P<0.04).

Conclusion: Source localization of EEG is a reliable method to estimate cortical source gen-
erators. Activities in different brain regions, mainly in the limbic system, showed fluctuations
in various frequency bands. Cingulate changes were correlated with pain intensity.
Significance: This method might add information to the objective assessment of the cortical
pain response in future experimental pain studies.
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Introduction

In order to identify the underlying mechanisms of human pain, the identification of the
neuronal activity is mandatory. This requires robust and reliable experimental models
to mimic clinical pain as well as valid methods to assess the pain response. It has been
demonstrated that tonic pain models reflect clinical pain to a higher degree, and they
are more sensitive to analgesic treatments.'® The cold pressor test (immersion of hand
in ice water) can be used to evoke tonic pain with reproducible pain ratings.”® Several
techniques have been used for objective assessment of the evoked brain response. These
techniques include electroencephalography (EEG) and magnetic resonance imaging
(MRI), which have different advantages and disadvantages and reveal supplementary
information about the pain response. EEG spectral analysis with frequency band analysis
of the tonic pain—evoked EEG response has been proven to be reliable,? but spatial infor-
mation about activated cortical areas was not assessed. Inverse modeling of the EEG can
provide information about the underlying source generators and is a feasible and low-cost
method. Furthermore, it is possible to extract information related to the frequency band
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content using source localization methods such as exact low-
resolution brain electromagnetic tomography (eLORETA).
The present study hypothesized that underlying cortical
source generators evoked by tonic pain during a cold pressor
test can be identified by using eLORETA analysis of the EEG.
Thus, the following were the aims of this study: 1) to investigate
the reliability of the eLORETA source localization in different
frequency bands during rest and cold pressor pain, 2) to char-
acterize changes in the EEG frequency bands in different brain
regions during cold pressor pain, and 3) to explore the associa-
tion between cortical source generators and the pain intensity.

Methods

The study was carried out at Mech-Sense, Department of
Gastroenterology, Aalborg University Hospital, Denmark,
from November 2010 to April 2012, and this was a substudy
of a larger study, which was approved by the North Denmark
Region Committee on Health Research Ethics (reference
number: N-20100046) and the Danish Medicines Agency
(reference number: 2612-4319) and registered at Clinical Tri-
als.gov (NCT01245244, EUDRACT number: 2010-020894-
17). Other data from the study were reported previously.5810-16

In total, 39 subjects were included in this study. Informed
consent was obtained from all the subjects. Inclusion criteria
were the following: aged between 20 and 65 years and had
no previous pain-related diseases or psychiatric disorders,
and the subjects were barred from using strong analgesics
during the entire study. The use of over-the-counter analgesics
was not allowed 24 hours prior to the experimental sessions.
A routine health examination was conducted by a medical
doctor before enrolment into the study. All the subjects were
compensated for participation.

Experimental protocol

Two identical experimental sessions were conducted for
each subject with a gap of at least 1 week. An EEG was
recorded during resting state and cold pressor test for each
experimental session. Prior to the first session, a training
session was conducted in order to familiarize the subjects to
the laboratory environment. The two experimental sessions
were carried out at the same time of the day and by the same
well-trained experimenters in a quiet room. Female subjects
were tested in the same phase of their individual menstrual
cycle in order to control for variations in hormone levels.

Cold pressor test
The cold pressor test was performed by using a circulated
water bath at a temperature of 2°C (Grant, Fischer Scientific,

Slangerup, Denmark). The subjects immersed their left hand
to the wrist for 2 minutes in the cold water and rated the
sensory perception on a handheld electronic device with a
visual analogue scale (VAS). The subjects used a button to
slide on the scale on the handheld device. The sensory ratings
were continuously sampled electronically at a frequency of
10 Hz on a scale from 0 to 10, where 5= the pain detection
threshold.!” The area under the VAS curve was used as an
expression of the pain intensity for the entire pain stimulus.

EEG recordings

During each session, a resting-state EEG was recorded
with open eyes in a dimly lit room for 2.5 minutes and
followed by an EEG recording during the cold pressor test
(in which the subject immersed the hand in cold water). A
standard 62-channel cap (Quick-Cap International, Com-
pumedics® Neuroscan™, El Paso, TX, USA) mounted
according to the extended 10-20 system was used for
recording, and the EEG signal was amplified digitally on
a SynAmps 2 system.

EEG data were preprocessed offline by using Neuroscan
4.3.1 (Compumedics) in the following steps: 1) zero-phase
shift notch filtering (4951 Hz, 24 dB/octave); 2) zero-phase
shift band-pass filtering (1-70 Hz, 12 dB/octave); 3) elec-
trodes displaying abnormal signals with respect to signal
level were replaced by signals interpolated from neighboring
electrodes; 4) re-referencing to the average electrode; and 5)
finally, 2 minutes of artifact-free (eyeblinks were allowed)
EEG was selected from the resting-state EEG recording. The
EEG recordings during the cold pressor test were 2 minutes
long, and the entire signal was kept. Additional four steps
of EEG signal preprocessing were performed offline using
MATLAB (MathWorks Inc., Natick, MA, USA) Version
R2015b; 6) the first 15 seconds of the cold pressor EEG
recordings were discarded due to muscle contractions caused
by the immediate pain after immersing the hand in cold water,?
resulting in a total of 105 seconds of EEG; 7) the EEG data
length was further reduced to 102 seconds to ensure the same
signal length for all the subjects; 8) the EEG signals were
downsampled to 250 Hz to decrease memory requirement in
the source localization; and 9) the source localization analysis
requires at least 2 seconds of continuous EEG recordings in
each epoch, and the EEG signals were divided into 51 epochs
of 2 seconds corresponding to 500 samples per epoch.

Source localization
The eLORETA was used to analyze the cortical distribution
of current source density (http://www.uzh.ch/keyinst/loreta).
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The eLORETA method is an inverse modeling method, and
the result is a three-dimensional distribution of electric corti-
cal activity at any location in the brain with no error under
optimal noise-free conditions.’ The head model and electrode
coordinates used in the eELORETA are based on the Montreal
Neurological Institute average MRI brain map (MNI152).!8
The eLORETA solution space is limited to include the
cortical gray matter, which is divided into 6,239 voxels of a
5-mm cubic spatial resolution. The eELORETA analysis was
performed on a group level in eight frequency bands: delta
(1-4 Hz), theta (4-8 Hz), alphal (8-10 Hz), alpha2 (1012
Hz), betal (12—18 Hz), beta2 (18-24 Hz), beta3 (24-32 Hz),
and gamma (32-60 Hz).

Statistics

1. EEG source localizations of global cortical activity (whole
brain analysis) were evaluated by comparing the eLORETA
analysis for the same conditions between the two different
sessions (Rest Session 1 versus Rest Session 2 and Cold
Pressor Session 1 versus Cold Pressor Session 2). Further-
more, the data were extracted from the eLORETA analysis
for each subject in distinct cortical areas including the
anterior cingulate cortex (Brodmann area [BA] 24, 32, and
33) and the posterior insula (BA 13), which are frequently
activated during pain processing." Then, these two areas
were selected for reproducibility and correlation analysis.
Reproducibility was determined by a three-step procedure:
first, paired #-tests were used to assess significant differ-
ences in intrasubject between-session variance. Second,
intersubject and intrasubject reliabilities were analyzed
by using the intraclass correlation coefficient (ICC). The
parameter ranges from 0 to 1, with values closest to 1
indicating the highest reproducibility. An ICC <0.4 was
considered poor agreement; 0.4—0.59, fair agreement;
0.6-0.75, good agreement; and >0.75, excellent agree-
ment.? Finally, limits of agreement (LoAs) between ses-
sions were calculated as proposed by Bland and Altman.”!

2. EEG source localizations of global cortical activity
(whole brain analysis) were employed for all the subjects
between different conditions (rest versus cold pressor) for
each EEG frequency band.

3. Pearson’s correlation coefficient was used to explore the
association between the pain intensity (area under the
VAS curve) and evoked brain activation during the cold
pressor test in the different frequency bands in the anterior
cingulate cortex and the posterior insula cortex.

The comparisons of global cortical activities were made
by using the statistical module included in the eLORETA

software. The cortical activities under the different condi-
tions were compared by using a two-tailed #-test with paired
groups, and no normalization methods were applied. A
statistical significance threshold of P<0.05 was chosen. The
statistical nonparametric mapping randomization method was
used to automatically adjust for multiple comparisons with
a Fisher’s random permutation test with 5,000 randomiza-
tions.?? The reproducibility steps and the correlations were
calculated by using STATA Version 14.2 (StataCorp LP, Col-
lege Station, TX, USA). All data were presented as means +
standard deviation unless otherwise indicated.

Results

In total, 39 subjects were included in this study (18 women
and 21 men; average age: 26.916.5 years). Five subjects
were excluded as they did not tolerate the cold pressor test
for 2 minutes, and three subjects were excluded due to poor
data quality of the EEG. Thus, data from 31 subjects were
included in the analysis. Spectral analyses of the data and the
pain intensity (area under the VAS curve) have been presented
by Gram et al and good data quality and reproducibility were
demonstrated.?

Reproducibility of resting-state and cold

pressor EEG source activities

The eLORETA analysis revealed no significant differences
in global cortical activities between Sessions 1 and 2 dur-
ing resting-state EEG (P>0.7 for all frequency bands) and
between Sessions 1 and 2 during cold pressor EEG (P>0.2
for all frequency bands). In agreement with this, the repro-
ducibility of cingulate activity (ICC =0.59-0.80) and insular
activity (ICC =0.58-0.83) for the resting state conditions were
good, and the corresponding LoAs were narrow (Table 1).
During the cold pressor test, the reproducibility was slightly
lower compared to the resting state condition. However, a fair
to good agreement between sessions was observed for most
frequency bands; cingulate cortex (ICC =0.63-0.70), insula
cortex (ICC =0.47-0.66), and again the corresponding LoAs
were narrow (Table 1).

EEG source activity during cold pressor
pain

As there were no significant differences in cortical activities
between sessions, only results from one study session (Ses-
sion 2) are presented. Compared to resting-state EEG, the
cold pressor pain induced increased global cortical activities
in the delta (P=0.002), theta (P=0.011), betal (P=0.0004),
beta2 (P=0.0008), beta3 (P=0.002), and gamma (P=0.0004)
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Table | Between-session reproducibility of cortical activities in two regions of interests (the anterior cingulate cortex and the insular

cortex)

Frequency band Anterior cingulate cortex

Insular cortex

P-value ICC LoAs P-value ICC LoAs
Resting state
Delta 0.60 0.68 -13t0 1.2 0.54 0.58 —13to I.1
Theta 0.50 0.68 —12to I.1 0.44 0.61 -13to Il
Alphal 0.58 0.77 —1.5to0 1.4 0.65 0.83 —1.1to 1.0
Alpha2 0.70 0.80 -12to0 1.3 0.49 0.80 -1.0to 1.0
Betal 0.39 0.75 -12to Il 0.86 0.67 -12to0 1.2
Beta2 0.50 0.67 —l.6to 1.4 0.53 0.68 -15t0 1.7
Beta3 0.52 0.65 -1.7t0 1.5 0.89 0.72 —l.6to 1.6
Gamma 0.16 0.59 -19to0 1.5 0.51 0.62 -1.7to 1.5
Cold pressor
Delta 0.58 0.63 -19to 1.7 0.8l 0.66 -19to 1.8
Theta 0.85 0.68 -1.5t0 1.5 0.86 0.58 -20to 1.9
Alphal 0.82 0.67 ~1.5t0 1.4 0.98 0.49 -2.1 to 2.1
Alpha2 0.99 0.66 ~l4to0 14 0.85 0.47 -1.91t0 20
Betal 0.23 0.64 -1.5t0 1.2 0.99 0.50 —1.7t0 1.7
Beta2 0.36 0.68 -1.5t0 1.3 0.93 0.61 —l.6to 1.6
Beta3 0.59 0.70 —1.5t0 1.4 0.97 0.62 -18to 1.8
Gamma 0.65 0.64 -1.8to 1.6 0.76 0.67 -1.6to 1.5

Note: P-values from paired t-tests.
Abbreviations: ICC, intraclass correlation coefficient; LoAs, limits of agreement.

bands, and decreased cortical activities were found in the
alpha2 band (P=0.007). No change was observed in the
alphal band (P=0.06). The increased delta activities were
confined to the cingulate, frontal, temporal, insula, and
parahippocampal regions, whereas increased theta activities
were observed in the cingulate, frontal, and temporal regions.
Decreased activities were found in the cingulate and pre- and
postcentral gyral regions in the alpha2 band. Cortical activi-
ties in the betal, beta2, beta3, and gamma bands revealed
more widespread changes (Figure 1 and Table 2).

Correlations between pain intensity and

local brain activation

Finally, the present study explored the association between
pain intensity (area under the VAS curve) of the cold pressor
test and activities of the cingulate and insular cortex. Only
frequency bands that showed significant changes in these
areas were used for correlation. Correlations between pain
intensity and the beta2 (r=0.40, P=0.03), beta3 (»=0.36,
P=0.04), and gamma (r=—0.38, P=0.03) bands were observed
in the cingulate cortex. No correlations were found between
the pain intensity and the insular activation.

Discussion
The present study used source localization of the EEG dur-
ing rest and tonic pain in healthy volunteers to investigate

brain activation. Test—retest reliability was found to be high
under both conditions in two predefined areas (the anterior
cingulate and posterior insular cortex). During the cold
pressor test, increased cortical activities were found in the
low- and high-frequency bands in widespread areas includ-
ing cingulate, frontal, temporal, insula, parahippocampal,
pre- and postcentral gyral, occipital, and parietal regions,
whereas decreased cortical activities were found in the mid-
frequency band (alpha2) in cingulate and pre- and postcentral
gyral regions. Correlations between pain intensity and cingu-
late cortical activities in the high-frequency bands (namely
beta2, beta3, and gamma) were evident, indicating that the
method can be used to explore pain mechanisms in future
experimental studies.

EEG source activity during cold pressor
pain

The effect of tonic cold pain on brain activity in healthy
subjects has previously been evaluated by using functional
MRI (fMRI) and spectral analysis of the EEG. Cold pres-
sor—induced changes in brain activity using fMRI have shown
increased activities in anterior cingulate cortex, insula, and
other major pain-related areas.”?* Gram et al also performed
EEG spectral analysis following the cold pressor test. Most
of the subjects of this study were also included in the cur-
rent study.® Gram et al found the absolute spectral indices
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Figure | Cortical source activities evoked by cold pressor pain for the eight frequency bands.
Notes: Yellow and orange colors represent cortical areas with increased activity, whereas blue color represents cortical areas with decreased activity. Voxels colored orange
and dark blue indicate areas with t-values closest to the threshold value, that is, the least significant findings.

to be increased in low- and high-frequency bands and to be
decreased in the mid-frequency bands, which is consistent
with the eLORETA findings of the present study. This is
also in agreement with other studies based on EEG spectral
analysis, which consistently found that tonic pain was associ-
ated with increased low- and high-frequency oscillations.?
Using the absolute EEG power spectra, Chang et al demon-
strated that increased low-frequency activity was pronounced
in the frontal regions, and the increased high-frequency activ-
ity was pronounced in the bilateral frontotemporal regions.
Decreased activity in the mid-frequency bands was found
in the posterior, parietal, and occipital regions.? In contrast
to this present study, increased activity in the alpha bands
has also been observed during tonic pain.>>?® However, the
test conditions had different attention levels, and the atten-
tion can affect the alpha band power.?® In addition to the
spectral analysis of the EEG, source localization can provide
information about source generators. Previous studies have

also used source localization techniques to characterize the
generators during experimental tonic pain. Accordingly,
Shao et al performed a standardized low-resolution brain
electromagnetic tomography analysis of a tonic cold pain
condition (with the hand immersed into ~10°C cold water
compared with a no-pain control condition of 10 minutes
each) and found decreased cortical activities in pain-related
areas in the alpha band and increased cortical activities in
higher frequency bands.* With shorter stimulus duration (2
minutes) and colder stimulus temperature (2°C), the present
study demonstrated similar findings of decreased activities
in cingulate and pre- and postcentral gyral regions in the
alpha2 band and increased activities in cingulate, frontal,
temporal, occipital, parietal, insula, parahippocampal, and
pre- and postcentral regions in the high-frequency bands.
Increased oscillatory activity in a group of neurons can be
explained by synchronization of their firing pattern. The
cortical activities evoked by the cold pressor test may be a
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Table 2 Overview of cortical activities evoked by the cold pressor test in different frequency bands

Delta Theta
(1-4 Hz) (4-8 Hz)

Brain area

Alpha2
(10-12 Hz)

Gamma
(32-60 Hz)

Betal Beta2 Beta3
(12-18 Hz) (18-24 Hz) (24-32 Hz)

L M R L MR L

M R L

M R L MR L MR L MR

Angular gyrus (BA 39) - - - - - - -
Anterior cingulate - 6 o 15 -
(BA 24, 25, 32, 33)

Cingulate gyrus (BA 23,24,31) 5 | 4 - - - 7
Posterior cingulate - - - - - - -
(BA 23, 29, 30, 31)

Superior frontal gyrus (BA 6) - - - - - - -
Inferior frontal gyrus (BA 6, 9, - -
10, 13, 44, 45, 46, 47)

Medial frontal gyrus (BA 6, 25) - - 3 4 - 8 -
Middle frontal gyrus - -
(BA6,8,9, 10, |1, 46, 47)

Cuneus (BA 17, 18, 23, 30) - - - - - - -
Extranuclear (BA 13) - - 5 - - - -
Fusiform gyrus (BA 20, 36, 37)
Inferior occipital gyrus - - - - - - -
(BA 18, 19)

Middle occipital gyrus - - = = = = =
(BA 18, 19, 37)

Superior occipital gyrus (BA 19)
Inferior parietal lobule (BA 40)
Insula (BA 13, 22, 40, 41, 45,47) 4 -
Lingual gyrus (BA 17, 18, 19) - - - - - - -
Middle temporal gyrus - -
(BA 19, 21, 22, 37, 38, 39)

Inferior temporal gyrus - - 5 - - - -
(BA 20, 21)

Superior temporal gyrus - -
(BA 13, 21, 22, 38, 41, 42)

Transverse temporal gyrus - - = = = = =
(BA 41, 42)

Parahippocampal gyrus (BA 19,
20, 27, 28, 30, 34, 35, 36, 37)
Postcentral gyrus (BA I, 2, 3,

40, 43)

Precentral gyrus (BA 4, 6, 43, 44)
Precuneus (BA 31) - - - - - - -
Rectal gyrus (BA 11) - - - 6 - 7 -
Subcallosal gyrus (BA 13, 25, 2 | 7 5 2 9 -
34, 47)

Subgyral (BA 2, 6, 19, 20, 21) - - - - - - =
Supramarginal gyrus (BA 40) - -
Uncus (BA 20, 28, 34, 36, 38) - -

22 -

|

|

|

|

|

|
w1

3l 6 - 15 -

21 8 5
21 1

15 1 3
- 1

70 41 -

13 -

64 -
27 3

74
46

22 2 - 32

20

22

40

76

25

23

45

10 | - o 2 - 6 6 - 7

- 5 - - - - - - - -0 - -

Notes: The numbers of voxels that are significantly increased (indicated with black numbers) or decreased (indicated with red numbers) are reported in the activated brain

“w_»

areas for the different frequency bands. ; indicates no significant changes.

Abbreviations: BA, Brodmann area (can be included in more than one brain area); L, left; M, middle; R, right.

result of both pain-related activation and other differences
in the EEG activities, such as different attention levels, the
motor response, activation of tactile receptors in the hand,
cognitive processes, and noise, during the cold pressor test
and the resting state condition; for example, muscle artifacts
are more pronounced in the high-frequency bands.”® This
may result in more widespread and unspecific activation.

The parallel design where the subjects are individually com-
pared during both rest and cold pressor conditions to some
degree counteracts these confounders, but they still have to
be considered. Enhanced low-frequency-band activity dur-
ing tonic pain has been suggested to be related to cortical
inhibition of the incoming information from afferent neurons
and to be related to the motivational regulation of the frontal
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regions.”?’ The decreased mid-frequency activation has been
suggested to be related to increased cellular excitability in
the thalamocortical system, and reduced mid-frequency may
be relevant to the attention of the pain.*

Regions such as the cingulate and insular cortex are fre-
quently reported to be involved in pain processing. Studies
have shown that these areas are not unique for nociception
but also present a reflection of non-nociceptive-specific
cognitive processes elicited by nociceptive stimulation.>!-*2
However, these areas were selected as most previous stud-
ies have shown a consistent activation during different pain
stimuli and across various imaging and electrophysiological
modalities.!""'®3334 This validates the method used in the pres-
ent study. Furthermore, a previous study using a comparable
methodology showed that remifentanil, a strong opioid that
attenuated experimental pain, also changes brain activities
in regions normally related to nociceptive and cognitive
processing.®

Studies on spectral analysis have previously shown high-
frequency oscillations to be correlated to the pain percep-
tion.*31*¢ However, the underlying source generators were
not investigated using the spectral analysis. Tiemann et al
demonstrated that the attentional effects of pain are related
to gamma band oscillations.’” The design of the present study
did not allow differentiating between intensity and attention,
but as stated above the cingulate cortex is important in pain
activation, and the present results support that this structure
is an important contributor in different aspects related to
perception of pain.

Methodological considerations

The spectral analysis of the EEG recorded during cold pres-
sor test has previously been shown to be a reproducible and
valid method for the assessment of brain activity during
experimental tonic pain.® The present study showed that in
addition to conventional spectral analysis, ELORETA source
localization of the EEG during resting state and experimental
tonic pain (cold pressor test) also was reproducible in areas
typically activated during pain. However, the reproducibil-
ity was slightly lower for the cold pressor EEG than for the
resting-state EEG. This may be explained by the cold pressor
test being painful, and it was more difficult for the subjects
to minimize eyeblinks and muscle and cable movements,
which may contaminate the EEG and introduce between-
session variability. Furthermore, different confounders can
affect cortical activity, especially during the cold pressor test,
and other pain tests can be investigated in future studies to
confirm the pain-related activity using eLORETA.

The fact that the cold pressor EEG recording contained
more noise than the resting EEG may also be reflected in
the EEG source activities. Manually performed noise and
artifact rejections are often highly subjective, interobserver-
dependent, and time consuming. Automatic artifact rejection
was performed in some studies using a rejection threshold
based upon the corresponding standard deviation of the
EEG signal.* This can, however, lead to the rejection of
signals otherwise regarded physiologic. The current study
included 102 seconds of EEG signal per exam; hence, the
included eyeblink artifacts represented only a fraction of the
included data and were likely not of importance. Further-
more, eyeblink artifacts would increase activity in the delta
band around the frontal cortical regions.*® The eLORETA
source analysis could also be affected by eyes movements
and muscle artifacts from head and neck muscles during
tonic pain. However, although the frequency ranges of delta
and theta (for eyeblinks) and gamma (for muscle artifacts)
somewhat overlap, differences were also found for the three
beta bands and the alpha band. In addition, the direction of
change (increase/decrease) for all frequency bands matches
with the previous findings. It is difficult to discern between
simple correlation and causation based on the data presented
in the present study, and further studies are required to vali-
date the results further.

Bias from the features of the subjects (eg, age, gender,
pain levels, mental state, and anxiety) was minimized as the
average age and distribution between women and men were
very homogeneous (26.916.5 years; 18 women and 21 men,
respectively); all the subjects were screened by a medical
doctor before enrolment to rule out any history of previous
pain causing diseases or psychiatric disorders, went through
a training session prior to the first experimental session in
order to familiarize the subject to the laboratory environment
and to reduce anxiety, and filled out a pain catastrophizing
questionnaire prior to the experimental sessions.!® Further-
more, the subjects were in their own control as the EEG
recordings during resting state and cold pressor testing were
compared. Thus, the presented results may be a representa-
tive for a similar population, but maybe not for a healthy
population in general.

Conclusion

The eLORETA source localization analysis of EEG during a
tonic pain cold pressor test provided a reliable and reproduc-
ible estimate of brain activity, which provides information
on pain-related brain activation in distinct frequency bands.
Increased cortical activities were present in widespread brain
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regions including pain-related areas such as the anterior
cingulate cortex and insular cortex in the low- and high-
frequency bands, whereas decreased brain activities were
present in the cingulate and pre- and postcentral gyral regions
in the mid-frequency band. Furthermore, the pain intensity
was correlated with the cortical activity in the high-frequency
bands for the anterior cingulate cortex. As pain is a highly
subjective experience, it cannot easily be reduced to a uni-
dimensional variable, but it is conceivable that information
from different methods could be considered in a clinical
application as they provide complementary information.
Source localization of EEG during tonic pain might be useful
to add information to objectively assess the cortical response
in future studies on health and disease.
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