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Year Study Subjects (n) Female Mean age Age range Handedness Side of stimulation Position of subjects Eyes Area of stimulation Type of Painful stimulation Control condition (s) How was pain monitored? Data collected EEG electrodes Delta Theta Alpha Beta Gamma Main finding

1992 Veerasarn 1992 19 2 26.5 21-38 NR R Seated on a reclined chair Closed Masseter muscle

Hypertonic  saline (5%) was injected into the belly of the masseter muscle . 
Leaving the needle in place, repeated injections of hypertonic saline were used 
to obtain sufficient data for meaningful analysis. With both eyes closed, 
subjects were instructed to rate the perceived pain intensity on a IO-point scale 
hy using their fingers and update their pain intensity whenever it changed. (1) Baseline and (2) imagined pain The subject was given a thumb switch to indicate his/her present pain intensity 

The recorded EEGs were visually inspected, and epochs containing no visible artifacts 
were manually selected. Artifacts from physiologic sources such as muscle activity from 
swallowing. eye movement and those from non-physiologic sources (e.g., movement of 
electrodes and leads) were excluded. For each experimental stage, at least twenty-four 
mostly, however. thirty 2.5 sec artifact-free epochs were chosen for analysis. In 
experimental pain, such sampling was performed for the condition of pain with an 
intensity of greater than 5 on the IO-point intensity scale.
Each selected epoch was subjected to Fast Fourier Transformation (FFT). The following 
parameters were computed: mean frequency (Hz), total power (NW) in various 
frequency bands (delta: 0.5-3.S Hz. theta-alpha: 3.5-13 Hz, beta: 13-35 Hz, and the 
frequency range of 35-100 Hz) of specified cortical areas, and the total power of all 
frequency bands combined (0.5-100 Hz). The frequency hand of 35-100 Hz was included 
to investigate whether the effects to pain were limited to the beta frequencies, or 
alternatively, whether the adjacent frequency band would show similar effects. No 
attempt has been made further to resolve the common EEG frequency bands, e.g., a 
detailed analysis of the delta frequency band. 8 NR NR NR Increased at the temporal recording sites NR

Compared to baseline, spectral analyzed EEG 
measures during experimental pain demonstrated 
statistically significant increases in the beta and 35-
100 Hz frequency ranges, most notably at the 
temporal recording sites. 

1994 Ferracuti 1994 15 0 NR 23-34 R Both Seated on an upright chair Closed Hand

Each subject participated in two sessions: “cold water” and “warm water”, on 
different days.  After the bseline EEG recrding, the subject was instructed to 
immerse his right or left hand up to the wrist in iced water maintained at 0.5-
1°C and to leave it there for at least 2 min. Left and right hands were tested on 
separate recordings, with a 20-min interval, in a  randomized design. At least 12 
epochs (24 set> were examined for each hand for both the first and second 
minute of immersion. At the end of each immersion the subject quantified the 
pain sensation by means of a Visual Analogue Scale (VAS). After a 30-min rest 
period, a further control EEG was recorded. In the “warm water” session, an 
identical procedure was repeated with the water kept at 25°C. Baseline

At the end of each immersion the subject quantified the pain sensation by 
means of a Visual Analogue Scale (VAS). 

At the beginning of each session, at least 3 min of baseline artifact-free EEG was 
recorded. EEG signals were amplified, filtered (1-35 Hz, 6 dB/oct.), A/D converted (128 
samples/set; 12 bit), divided into 2-set epochs, and stored for off-line analysis. Raw EEG 
data were examined by two independent observers and only artifact-free epochs were 
further processed. By means of a 1024-point Fast Fourier Trans form, the absolute and 
relative power spectra were calculated for the frequency bands delta’ (2-4 Hz), theta (4-
8 Hz), alpha (8-10 Hz), al pha (10-12 Hz), beta (12-16 Hz) and total (2-16 Hz). To eliminate 
any possible contamina tion by artifacts not detected by visual analysis of the EEG, we 
decided not to analyze delta band. Beta band was excluded from the analysis because of 
possible electromyographic contamination. 8 Delta activity increased. The increase in delta power was statistically significant for both hands and lasted throughout the period of stimulation. This change was diffuse, though more evident in the frontal areas . This activity was similar in the ipsi- and contralateral leads. A control recording at the end of the session showed that the power of all frequency bands had returned to pre-test values  Theta activity increased. Alpha 2 power changes were lateralized. During the first minute stimulation of the contralateral hand elicited an alpha 2 power decrease over P3-P4 electrodes. Immersion of either hand produced an asymmetrical frontal desynchronization contralateral to the stimulated hand. Desynchronization of alpha 2 activity lasted longer in the right hemisphere than it did in left.Excluded from analyis NR

The EEG recordings showed several patterns of 
cortical activation during the test. Alpha 
desynchronization was more evident on the 
contralateral parietal electrodes of the stimulated 
hand and lasted longer over all the right 
hemisphere. Delta activity increased bilaterally, 
predominantly in the frontal leads. Stimulation of 
the left hand resulted in a higher delta increase 
during the second minute after immersion. 

1998 Chen 1998 10 0 27.4 22-48 NR R Seated Open Hand 

A round water bath was used and filled with ice-water of 0.3°C  (painful cold 
pressor test). The subjects immersed their right hands into the water bath at the 
wrist level. Subjects were instructed to keep their hands immersed in the water 
for as long as they could tolerate the cold water. (1) Baseline and (2) Non-painful cold

Immediately at the end of cold pressor test, subjects rated their pain sensation 
in a graded verbal rating scale for intensity

 The EEGwas digitized with 128/s and stored on hard disk for off-line processing. Con- 
spicuous artifacts were eliminated from further compu- tation by visual inspection. As 
many as possible artifact free 2 s epochs were chosen for further processing. De- 
pendent on the artifact rejection,in total 60to 164epochs (average 123 ± 34, median 
132) for the resting condition, 20 to 100 (average 65 ± 22, median 66) for the cold 
condition, and 9 to 61 (average 38 ± 18, median 42) for the pain condition were used. 
Eachepoch was Fourier trans- formed to compute averaged power and cross-power 
spectra with a frequency resolution of 0.5 Hz. Nineteen power spectra and 171 cross-
power spectra between all possible electrode pairs were obtained for each record. Data 
reduction of the spectra was performed by averag- ing adjacent spectral lines to obtain 
broad band parame- ters for four frequency bands: Delta (1.5-3.5 Hz), Theta (4.0-7.5 Hz), 
Alpha (8.0-12.5 Hz), Beta-1 (13.0-18.0 Hz), The final step was the computation of 
amplitude and coherence per frequency band. In total 4*19=76 ampli- tude values and 
4*171=684 coherence values were ob- tained for each record and stored in a data base 19

The most essential findings concern coherence 
increase between electrode T5 and other electrodes 
sites. In the left hemisphere, delta coherence 
showed enhancement between temporal electrode 
T5 and frontal electrodes F7, Fp1, F3, and Fz, central 
electrode C3, as well as parietal electrodes P3 and 
Pz.  In the right hemisphere, delta EEG activity 
showed great coherence enhancement between the 
frontal electrodes F8 and F4 and other sites (P4, C4, 
Cz) The activation was less profound in the right 
hemisphere than in the left hemisphere. The main 
increases were between the right prefrontal 
electrode Fp2 and left temporal and posterior sites 
(T5, P3, O1).

No coherence change was observed in the theta 
range.  

The coherence network exhibited only 
enhancement mainly between left central electrode 
C3 and fronto-central loci Fp1, Fp2, F3, Fz, F4, F8 
and Cz, and between vertex (Cz) and frontal sites 
Fp2, F4,F8 in the right hemisphere. 

In the upper frequency beta-1 EEG, the coherence 
network pattern showed much difference between 
the left hemisphere with many increased coherence 
and the right hemisphere with a number of 
coherence decreases. Enhanced coherence between 
T5 and other sites were seen. In contrast, on the 
right hemisphere between electrode T6 and 
centroparietal electrodes only coherence decrease 
was found. Amplitude increase in T5 was 
accompanied by coherence increase whereas 
amplitude increase in T6 was accompanied by 
coherence decrease. This indicates clearly that 
amplitude and coherence are different measures. NR

During pain perception almost no coherence 
changes in the theta band were observed, but great 
coherence increase in the delta band between 
central, parietal and frontal electrodes. The 
network of coherence changes in the alpha band 
showed strong involvement of electrode C3 
concerning coherence increases with frontal 
positions. In the beta-1 band coherence increase 
within the left hemisphere was much pronounced 
during pain.

2000 Le Pera 2000 12 0 26.6 NR NR L Seated on a reclined chair Closed Brachioradialis muscle

Infusion of hypertonic (5%) saline that was carried out by a computer-
controlled syringe pump (IVAC, model 770, USA; Graven-Nielsen et al., 1997) 
with a 10-ml plastic syringe. A tube (IVAC G30303, extension set with poly- 
ethylene inner line) was connected from the syringe to the disposable stainless 
needle (27G, 40 mm). A standardised infusion paradigm was applied: a bolus of 
0.5 ml saline was infused over 20 s followed by a steady infusion rate of 18 
ml/hour for the next 440 s, and finally 36 ml/hour for the next 440 s . (1) Baseline and (2) Vibration

The subjects on a 0±10 electronic visual analogue scale (VAS) continuously 
scored the pain intensity where 0 cm indicated ̀ no pain' and 10 cm ̀ intolerable 
pain'. The VAS score was sampled every 5 s by the computer. The pain rating 
during the recording of EEG in a time interval of 60 s was calculated.

For frequency analysis of background EEG, 1 min of artefact-free EEG was examined 
according to the IFCN guidelines for topographic and frequency analysis of EEGs . The 
major components of EEG power change were isolated using fast Fourier transformation 
(FFT). T-maps comparing stages were evaluated for the following frequency bands: delta 
(1±3 Hz), theta (4±8 Hz), alpha-1 (9±11 Hz), alpha-2 (11± 13 Hz), beta-1 (14±20 Hz) and 
beta-2 (20±32 Hz). The calculation of the t-maps was performed by interpolation 
between t-values at the 31 electrodes. 31

Significant increase of power within delta  band 
over the right posterior parietal locus (P4) NR

Increase of power within the alpha-1 band  over 
both parietal regions (P3, P4). The relative power 
increase in the alpha-1 band was more significant 
over the right parietal area, contralateral to the 
injection site  than over the left parietal area, 
ipsilateral to the injection site Significant increase of power within beta-2  band over the right posterior parietal locus (P4) NR

Increments of both delta and alpha-1 powers were 
observed bilaterally over the parietal area, more 
pronounced over the region contralateral to the 
painful stimulation. 

2001 Chang 2001 15 0 25.6 22-28 R L NR Open Brachioradialis muscle Intramuscular injection of capsaicin (50 μg/0.5 ml) 6cm below the elbow (1) Baseline and (2) isotonic saline  injection

A modified electronic visual rating scale (VRS) was used to measure the intensity 
of painful and non-painful sensation continuously by the subjects on the VRS 
device

The general EEG topographic patterns were firstly compared between the baseline and 
the painful condition. Furthermore, the absolute EEG power spectra in six bands  were 
extracted. The EEG frequency was subdivided into six bands: delta (0.5–3.5 Hz), theta 
(4.0–7.5 Hz), alpha-1 (8.0–10.5 Hz), alpha-2 (11–13.5 Hz), beta-1 (14.0–24.5 Hz) and 
beta-2 (25–35 Hz) 31

Increased delta power at the midline frontal region 
and forefrontal area with a right predominance Decrease in theta power spectrum over the central regions of the head Decreases in alpha-1 and alpha-2 powers in the posterior parieto-occipital area Increases in beta-1 and beta-2 powers at the peripheral tempo-occipital areasNR

Increase in beta-2 activity during muscle pain was 
significant over the extensive areas of the head

2002 Bobiloni 2002 12 NR NR NR NR L NR NR Median nerve at the wrist Electrical stimulation at 3Hz (1) Non-painful electrical stimulation

The stimulation levels were determined by a series of increasing and decreasing 
stimulus intensities at the beginning of each recording block. The painfulness of 
the stimuli was rated verbally by the subjects on a numerical scale ranging from 
0 (no sensation) to 10 (pain tolerance threshold). In this scale, values of 2 (no 
pain, thumb muscle twitch) and 4 (slight pain) indicated the motor and pain 
thresholds, respectively. Furthermore, value of 6 (moderate pain) corresponded 
to a pain level proportionally distrib- uted between values of 4 and 10. 

Power density spectrum analysis of the single trials was computed by FFT (Bartlett set) 
for a period rang ing from +10 msec (i.e., after stimulus artifact) to +250 msec after the 
stimulus delivery (zerotime). The individual spectral reactivity was computed for the 
three conditions (moderate painful, slight painful, and nonpainful stimulations) within 
each band of interest, i.e., theta (4–6 Hz), alpha (8–12 Hz), beta 1 (14–22 Hz), beta 2 (24 
–34 Hz), and gamma (36 –50 Hz). Owing to the brief period of 250 msec in the post-
stimulation period, no EEG delta band was investigated in this study. Whereas, such a 
brief period may allow the computation of theta EEG oscillations, taking into account 
recent evidence that maximum theta response to a stimulation is observed within 
250–300 msec post- stimulus 31 NR Increase in theta at FC2 Increase in  alpha at FC2 Increase in beta2 at C4 (contralateral to pain), decrease  in C3 (ipsilateral to pain). Increase in gamma at C4

Compared to nonpainful stimulation, painful 
stimulation increased phase-locked theta to gamma 
band responses in the contralateral hemisphere and 
decreased the phase-locked beta band response in 
the ipsilateral hemisphere. Furthermore, nonphase-
locked alpha band response decreased in the 
ipsilateral fronto-central area. 

2002 Chang 2002 15 0 24.4 22-26 R L Supine Both eyes open and closed epochs Hand
Tonic cold pain was induced by immersion of the left hand up to the wrist into 
ice water (2°C) for 3 min. Baseline

 The subjects were requested to verbally report pain rating scales per 15 s and 
the rating scales were recorded by experimenters. 

Each valid epoch (1024 ms) of the EEG data (after linear-detrend and artefacts rejection) 
were subjected to fast Fourier transform in frequency domain to produce an averaged 
EEG power at each electrode in the following bands: delta (0.5– 4.0 Hz), theta (4.0–8.0 
Hz), alpha-1 (8.0–11 Hz), alpha-2 (11–14 Hz), beta-1 (14.0–25 Hz), and beta-2 (25–35 
Hz). The EEG topographic patterns, the global relative EEG power (%) in each broad band 
and the absolute EEG power (summed μV2) in each broad band at every electrode were 
analysed and compared statistically in respect of the experimental stages. The absolute 
EEG power spectra was computed and compared to identify the differences in the loci of 
EEG activation. The individual correlation across the experimental stages and spatial 
correlation between the electrodes were analysed in respect of the maxima of the EEG 
activation. 32

Activity increased in the fore frontal area and 
central medial frontal area No significant changes The alpha-1 and alpha-2 activities decreased in the posterior parietal and occipital areas The beta-2 activities increased bilaterally in fronto-temporal areas. NR

The increase of low-frequency EEG activities in the 
frontal part and close co-activation of EEG activities 
in the high- frequency range in temporal sites could 
be interpreted as the interac- tion of emotional 
regulation (or habituation) and the stress of pain. 
This frontal-temporal delta/theta/beta activation 
cluster is independent from the posterior-parietal 
alpha activation cluster, which may reflect the 
central process of motivational effect vs. attention 
processing of nociceptive input, respectively. 

2003 Chang 2003 13 0 25.9 NR R L Seated Open Brachioradialis muscle Intramuscular injections of hypertonic (5.8%) saline Baseline Continuous VAS and the data was sampled with a computer every 5s

EEG activity was continuously recorded 2 min before the first injection as baseline, and 
during the entire time course of each trial of pain experience (VAS > 0). If the injection of 
isotonic saline did not induce pain (VAS = 0), the EEG recording was conducted for 2 min 
immediately after the initiation of injection.  
The continuous EEG activity was cut into epochs (1024ms) and processed by linear 
detrending and ocular artifact reduction, using the editor program-NeuroScan 4.1. 
Conspicuous artifacts were eliminated by visual inspection epoch by epoch. For each 
channel, the relative (percentage of total EEG power) and absolute EEG power spectra in 
frequency (0–35 Hz) domain were obtained by averaging the epochs after fast Fourier 
transformation. The analysis of EEG in the present study was focused on the fol- lowing 
divisions of frequency domain: delta (0.5–3.8Hz), theta (4.0–7.8 Hz), alpha-1 (8.0–10.8 
Hz), alpha-2 (11–13.8 Hz), beta-1 (14.0–24.8 Hz), and beta-2 (25–35 Hz). General EEG 
topographic patterns, global relative EEG powers (percentage of total EEG power in the 
six bands) in the above bands were obtained 31

No significant differences in the EEG changes of 
delta  activity were found between repeated muscle 
pain and control. No significant differences in the EEG changes of theta  activity were found between repeated muscle pain and control.Global alpha-1 and alpha-2  activity (%) significantly decreased during the first and second injections  but subsequently, it tended to return to the level of baseline during third, fourth, and fifth injections. the topographic changes of alpha-1 activity during each of the five injections of hypertonic saline mainly located in the posterior parietal and occipital area. The changes of global alpha-2 activity primarily occurred in the posterior areas of the head.Beta-2 activity significantly  increased during the five trials of muscle pain induced by injection of hypertonic saline, compared to the baseline.  The increase of beta-2 activity in general was bilaterally located in the frontal and temporal areas. No significant differences in the EEG changes of beta-1  activity were found between repeated muscle pain and control.NR

Global relative EEG powers were significantly 
changed throughout the  pain trials. otal EEG power 
(absolute) pooled from all the electrodes were 
correlated to the pain rating during the ongoing 
muscle pain (Table 2). The total EEG power 
(absolute) in alpha-1 band was negatively correlated 
to the pain intensity. The total EEG power in beta-2 
band positively correlated to pain intensity .

2006 Huber 2006 20 0 26.9 20-32 R L Seated on an upright chair Closed Volar forearm

Tonic heat stimulus consisting of a series of small heat pulses with a constant 
frequency of 30 pulses/min and an amplitude of 1.3°C. In the experimental 
blocks with tonic painful heat the pulses were tailored to have a peak 
temperature of 1°C above the individual pain threshold

(1) Baseline  and (2) Non-painful heat. Three 
levels of attention were also put into effect: 
attention focused, attention defocused and 
no control of attention 

The subjects rated intensity and unpleasantness of sensation during the last 10 s 
of each minute . The rating interval was always signalled by acoustic cue 

Only artefact-free 3-s epochs were analysed.. Spectral analysis with Fast Fourier 
Transform was performed using a custom software package . Absolute power spectra 
were calculated from zero to 86 Hz (step size 0.3364 Hz) and the power densities 
(lV2/Hz) for delta2 (2–4 Hz), theta (4–8 Hz), alpha1 (8–10 Hz), alpha2 (10–12 Hz) and 
beta1 (12–16 Hz) were determined. In order to eliminate any contamination by slow 
eye movements and muscle potentials we used the following approach; Since slow eye 
movements are reflected in the slowest frequency band (0–1.5 Hz), authors excluded 
the delta1 band. In order to avoid artefacts by muscle potentials, which authors might 
have missed during visual examination, they did not consider the beta2 band; 
electromyographic activity, which normally occurs at frequencies between 30 and 60 
Hz, can produce changes in signal power below 20 Hz. 10

The factor ‘‘stimulation’’ produced significant 
effects for power density in the delta2 frequency 
band in all EEG leads except in the two occipital 
ones. The significance was preserved when each of 
the two conditions with tonic stimulation was 
compared separately to baseline. However, the 
significance of differences was completely lost when 
the condition with tonic painful heat was 
compared to the condition with tonic non- painful 
heat Theta changes were obvious only in the two frontal leads and the left temporal one in the form of decreases in power density. The significant decrease was produced by tonic painful heat only. No difference in power density was found when the two conditions with tonic thermal stimulations were comparedSignificant decrease of power density in the alpha1 frequency band in the frontal and temporal EEG leads when all three levels of stimulation were compared. The effects of stimulation when the tonic non-painful heat and when the tonic painful heat were both compared to baseline appeared similar. Again, no significant differences were obtained when comparing the two conditions with tonic thermal stimulationBesides a trace of left temporal (T3) increase in power density for the beta1 frequency band as a general effect of tonic thermal stimulation, no further significant EEG responses to tonic stimulation were observedNR

We observed (1) during tonic thermal stimulation a 
pattern of EEG responses characterized by a rather 
generalized increased delta2 activity, a left-biased 
fronto-temporally diminished theta activity, a 
fronto-temporal decrease in the alpha1 activity and 
a left-sided temporal increase in the beta1 activity 
but we found (2) no evidence that these changes are 
specific to tonic heat pain and not like the changes 
observed during tonic non-painful heat stimu- 
lation. The EEG patterns were not affected by our 
attentional manipulations, with attention focused 
on pain and distracted from pain, which proved to 
be effective as regards the subjective experience of 
pain, and largely did not vary over time, suggesting 
a marked stability of brain activity while processing 
tonic thermal stimulation.

2009 Egsgaard 2009 40 20 NR 19-30 R R Seated
Both eyes open and closed at baseline, eyes 
closed during pain Upper arm

A single tourniquet cuff and manometer (up to 600 mm/Hg) with hand inflator 
were used to induce tonic cuff-pressure pain Baseline Before the experiment started the pain threshold had been determined

The EEG data was divided into 2-s epochs.  The valid epochs were subjected to Fast 
Fourier Transform in order to produce the power density in the alpha1 (7.5–9.5 Hz) and 
alpha2 (10–12 Hz) bands 124 NR NR Decrease in alpha1 (PO3) , alpha1 (PO4), alpha1(PO7) , alpha1(PO8) from baseline. Alpha2 (PO3) and  increased alpha2 (PO4) from baseline.NR NR

Subjects with low occipital alpha activity showed a 
significant positive relationship between alpha2 
(PO3) EEG activity and average subjective pain 
ratings.

2012 Nir 2012 18 9 26 NR R L Seated on an upright chair Closed Volar forearm

Tonic heat stimulus for five minutes at each of two intensities: (i) 32 °C 
(innocuous stimulation) and (ii) ‘pain-60’ temperature (noxious stimulation), 
which had been determined in a preliminary session for each individual as the 
temperature that induced a pain experience at a magnitude of 60 on the 
employed 0–100 numerical pain scale during a 30-s stimulus (1) Innocuous stimulation

Subjects were asked to verbally rate the level of perceived pain on a 0–100 
numerical pain scale, in which 0 was defined as ‘‘no pain sensation’’ and 100 as 
‘‘the worst imaginable pain.’’ Four NPSs were obtained in total throughout the 
experiment, of which three were obtained during the application of the five-
minute-long tonic stimuli, both innocuous and noxious, namely one after each 
third (100 s). A fourth overall NPS was collected up to 10 s after the tonic 
stimuli, both innocuous and noxious, had ended in response to the question: 
‘‘Which NPS would best reflect the overall pain you have experienced during 
the stimulus?’’ 

60 artifact-free, one-second segments were selected for further analysis on each subject. 
After downsampling to 256 Hz, power spectral densities were computed by averaging 
the Fast Fourier Trans- formation (FFT) power spectra of the one-second data windows 
of all 60 artifact-free trials of each condition (baseline, innocuous stimulation, noxious 
stimulation). Spectral windows were shifted in 0.125-s overlapping intervals. The 
analyzed alpha-band frequencies were defined as 7.5–12.0 Hz. Authors calculated the 
general power of each sub-alpha band per individual, using the individual alpha 
frequency (IAF) measure. The frequency limits of alpha-1 were defined by the lower 
bound of the alpha-band and the IAF, while assigning the range between the IAF and the 
higher bound of the alpha-band to alpha-2. 32 NR NR Power values of both alpha-1 and alpha-2 sub- bands gradually decreased between the resting-state, innocuous and noxious conditions.. Alpha-1 power values that were analyzed on the basis of the data recorded at the T7 and T8 electrodes during the noxious condition were negatively correlated with the pain intensity induced by the noxious condition. No such association was observed for alpha-2 oscillations. Alpha-1 power values derived from resting-state EEG recordings were negatively correlated with the NPSs induced by the noxious condition at the T7 and T8 electrodes. No such association was observed for alpha-2 oscillations.NR NR

 In the noxious condition, alpha-1 power obtained 
at the bilateral temporal scalp was negatively 
correlated with pain intensity. Additionally, resting-
state alpha-1 power recorded at the bilateral 
temporal scalp was negatively correlated with pain 
intensity reported during the noxious condition

2015 Gram 2015 39 18 26.9 NR NR L NR Open Hand
The subjects immersed their left hand up to the wrist for 2 min in circulated 
water at 2C Baseline

Subjects rated their perceived pain on a handheld electronic device with a 
visual analogue scale (VAS) going from no feeling of pain to the worst imaginable 
pain. The pain ratings were continuously sampled electronically with a 
frequency of 10 Hz on a scale from 0 to 10.

Spectral analysis of EEG amplitudes was carried out. To assess the static EEG spectral 
indices the wavelet coefficients were split into the following eight standardized bands: 
delta (1–4 Hz), theta (4–8 Hz), alpha1 (8–10 Hz), alpha2 (10–12 Hz), beta1 (12–18 Hz), 
beta2 (18–24 Hz), beta3 (24–32 Hz) and gamma (32–70 Hz). The wavelet coefficients 
were averaged over time and then scales contained within each frequency band were 
summed together to yield the absolute activity within each frequency band. 62

During the CP condition  delta  increased during CP. 
Relative power also increased During the CP condition theta  decreased during CP. During the CP condition  alpha1  and alpha2  decreased during CP. Relative power also decreased in alpha2 During the CP condition  beta3  increased during CP.Relative power also increased  During the CP condition  gamma  increased during CP.Relative power also increased  

Τheta, beta3 and gamma bands were correlated to 
the area- under-curve of pain ratings. No dynamics 
in beta3 and gamma EEG bands, indicating that 
these are not directly related to the temporal 
sequence of neuronal pain processing. However, 
dynamics in the theta range were closely correlated 
to pain ratings, showing a strong inter-individual 
and intra-recording relationship to pain perception.

2015 Schulz 2015 41 22 26 NR NR L NR Open Dorsum of  the hand Tonic heat stimulus

To control for the visual and motor 
components of the continu- ous pain rating 
procedure, authors performed a visual 
control condition, which did not include 
the rating of pain but of the length of a 
visual bar whereas the visual input and the 
motor components of the rating procedure 
were similar to the main condition

Continuous pain rating on a visual analog scale (VAS) ranging from 0 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. 

Time–frequency analyses were performed . 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 64 NR Positive relationships for pain intensity to brain activity at theta frequency at CPzNegative relationships for pain intensity to alpha activity at beta frequency at PzNegative relationships for pain intensity to brain activity at beta frequency at FT8Neuronal gamma oscillations at frontal electrodes encoded the subjective intensity of tonic pain. Positive relationships for pain intensity to brain activity at the frontocentral region.

 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.

2015 Rouleau 2015 23 13 23.8 NR NR R NR NR Sural nerve  over its retromalleolar path. 

Electrical stimulation consisting of a volley of 10 electrical pulses (square waves 
- 1 ms pulse duration) administered at a rate of 320 Hz using a constant current 
stimulator. A stimulation volley lasted 31 ms. Stimulations were provided using 
a pseudorandom inter stimulus interval of 6-12s (1) Innocuous stimulation

 The subjects were requested to verbally report pain on a 0–100 numerical pain 
scale Time–frequency analyses were performed . 32

Increased delta mainly frontal and less in posterior 
leads. Increased theta mainly frontal and less in posterior leads.NR NR NR

Increased theta activity within the right middle 
frontal gyrus predicted decreased sensations of pain 
as stimulations repeated within the pain block 

2016 Zhang 2016 21 7 25 NR Some L and some R Both sides NR NR Dorsum of wrist
Heat-stimulis where the temperature of the thermode was increased to a 
redefined level (40–47C) and kept for 30 s. Non-painful heat

The stimulus intensity applied was kept within each subject’s individual 
tolerance level. Initially each subject received a stimulus of 458C for 30 s which 
was repeated 10 times. Depending on the individual tolerance, the stimulation 
temperature for each subject varied but the temperature stayed within the 
overall range of 40C to 47C. For example, if a subject reported at 45C, the pain 
was at 5 or 6 out of 10, the highest temperature the person received was 47C. If 
the subject reported that 45C was extremely painful, 45C would be the highest 
temperature the person received.

Time-frequency information was obtained using the spectrogram function in MATLAB 
to capture the temporal changes in power in each of the following frequency bands: 
delta (1–4 Hz), theta (4–8 Hz), alpha (8–13 Hz), beta (13–30 Hz), Gamma (30–125 Hz), 
and total (1–125 Hz). Two different calcula- tions of power change were performed in 
the study to quantify the power spectral changes in the EEG data and (insular cortex) IC. 
The first type of power change was based on the EEG sensor data and it was calculated 
from all recorded EEG channels. The second type of power change was calculated using 
all of the non-noisy ICs obtained from the previous ICA decomposition step. To 
compute global frequency changes, electrodes were grouped into four main regions: 
frontal, left parietal, right parietal, and occipital regions (illustrated in Fig. 3B). Frontal 
electrodes include FP1, FPz, FP2, AF3, AF4, F1, FZ, F2, FC1, FCZ, FC2; left electrodes 
include C5, C3, C1, CP5, CP3, CP1, P5, P3, P1; right elec- trodes include C6, C4, C2, CP6, 
CP4, CP2, P6, P4, P2; and occipital electrodes include P1, PZ, P2, PO3, PO4, POZ, O1, 
OZ, O2. 64

A global desynchronization was  observed. No 
signficant changes

A global desynchronization was  observed. No 
signficant changes

A global desynchronization was  observed. There 
was a local increase in alpha power in the frontal 
area; however, when computed over all electrodes, 
the changes are negative. The reduction in alpha 
power was mainly concentrated in the contralateral 
somatosensory area near electrode C4. No significant changes No significant changes

Spectrally, a global reduction in power was 
observed in the lower spectral range, from delta to 
alpha, with the most marked changes in the alpha 
band. Spatially, the contralateral region of the 
somatosensory cortex, identified using source 
localization, was most responsive to stimulation 
status. Maximal desynchrony was observed when 
stimulation was present. The degree of alpha power 
reduction was linearly correlated to the pain rating 
reported by the subjects. 

2016 Taesler 2016 20 9 26.9 NR R L NR Open Hand
Electrical stimulation with a  pulse length fixed at 2 ms and a current that was 
adjusted manually by the experimenter (1) Non-painful electrical stimulation The first block of 40 trials  was used to determine the 50% pain threshold. 

For each subject, data were epoched into 2 s trials from �1500 ms to 500 ms around 
the stimulus onset.  Data were transformed into the time-frequency domain using the 
multitaper method. 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. To 
examine functional connectivity, we calculated the trial-based phase locking value (PLV) 
 for all channel combinations in both conditions. To test the power and connectivity 
differences statistically, a Monte Carlo permutation, including 5000 iterations per run, 
was used. To test the 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. 64 NR For theta-band, the ipsilateral power decrease disappeared after stimulation, whereas the maximum of the contralateral power increase shifted to parieto-occipital sites. NR NR The relative power increase in gamma-band after stimulation was located more laterally 

The observed systematic effects that distinguish the 
painful from the nonpainful trials must originate 
from spontaneous intraindividual fluctuations of 
neuronal activity. 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.

2016 Li 2016 43 0 22 NR R L NR NR Masseter muscle 
Intramuscular injection of hypertonic saline (5% NaCl) bolus, followed by a 
subsequent continuous infusion at variable speed (1) Baseline and (2) isotonic saline  injection

Real-time feedback of ratings to ensure perceived pain intensity maintained at 
an approximate preset NRS levels 

For each subject and each condition, EEG epochs were transformed to the frequency 
domain using a discrete Fourier transform, to yield amplitude spectra (in μV) ranging 
from 1 to 100Hz. Amplitudes of EEG oscillations in theta (4–8 Hz), alpha (8–13 Hz), beta 
(13–30 Hz), and gamma (50–90 Hz) bands were calculated for each condition and 
electrode. The obtained single-epoch amplitude spectra for each condition and 
electrode were averaged across epochs to enhance the signal-to-noise ratio  64 NR No significant differences of spectra were observed No significant differences of spectra were observed No significant differences of spectra were observed Significant differences of spectra were dominantly observed at frontal-central electrodes  within gamma band. The amplitude was higher in pain.

Positive relationship between the amplitude of 
gamma oscillations and pain intensity was  
observed in frontal-central region. 

2017 Nickel 2017 39 18 24.3 NR R Both sides NR NR Dorsum of  the hand Heat stimuli

To control for the sensory, motor and 
attentional components of the continuous 
pain rating procedure, authors  performed 
two visual control conditions. In these two 
conditions, the temporally inverted time 
courses of the individual tonic pain left and 
tonic pain right ratings were visually 
presented as changes of the length of the 
vertical red bar over time. Subjects were 
instructed to continuously follow the 
length of the red bar using the finger-span 
device 

The subjects were instructed to continu- ously rate the perceived pain intensity 
on a visual analogue scale (VAS) ranging from 0 to 100 anchored at no pain and 
worst tolerable pain using a custom-built finger-span device with the non-
stimulated hand. The scale was simultaneously presented on a screen by a 
vertical red bar, the length of which represented the current pain intensity 
rating 

EEG data were band-pass filtered in theta (4–7 Hz), alpha (8–13 Hz), beta (14–29 Hz) and 
gamma (30–100 Hz) frequency bands using a fourth-order Butterworth filter (forward 
and backward). Time series of frequency-specific brain activity were computed in source 
space. The Hilbert transform was applied and absolute values of the Hilbert transform, 
i.e. the amplitude within the respective frequency band, were computed 64 NR No significant differences were observed Increasing stimulus intensity was associated with decreasing amplitudes of alpha  oscillations Increasing stimulus intensity was associated with decreasing amplitudes of beta oscillationsStimulus intensity was  encoded by gamma activity in the prefrontal cortex. Ιn contrast, for both the left and the right hand, pain intensity was encoded by prefrontal gamma oscillations only with stronger gamma oscillations indicating higher pain ratings.

EEG data showed that stimulus intensity was 
encoded by decreases of neuronal oscillations at 
alpha and beta frequencies in sensorimotor areas. In 
contrast, pain intensity was encoded by gamma 
oscillations in the medial prefrontal cortex. 
Contrasting right versus left hand stimulation 
revealed that the encoding of stimulus intensity in 
contralateral sensorimotor areas depended on the 
stimulation side. In contrast, a conjunction analysis 
of right and left hand stimulation revealed that the 
encoding of pain in the medial prefrontal cortex 
was independent of the side of stimulation. 

2017 Martel 2017 19 12 29 NR R L NR NR Volar forearm (middle) 1% capsaicin cream Baseline

Capsaicin-induced pain was evaluated by the participants using a visual 
analogue scale (VAS; 0 = “no pain”, 10 = “the worst imaginable pain”), every 5 
min until the pain sensation stabilized (i.e., when participants rated same 
intensity of pain in 2 consecutive VAS pain meas- ures). Once the pain became 
stable, EEG was recorded.

For each participant, 15 non-overlapping, 2-s segments without artifacts were 
randomly selected and decomposed in eight frequency bands: δ (delta: 1.5–4 Hz), θ 
(theta: 4–8 Hz), α1 (alpha 1: 8–10 Hz), α2 (alpha 2: 10–13 Hz), β1 (beta 1: 13–21 Hz), β2 
(beta 2: 21–30 Hz), β3 (beta 3: 30–60 Hz) and ω (omega>60 Hz). For each segment, 
intracranial source current densities were then computed. 32 NR Significant increase in brain activity across the central cuneus.Significant increase in brain activity across the left dorsolateral prefrontal cortexSignificant increase in brain activity across the left cuneus and right insula NR

Compared to baseline, resting state brain activity 
significantly increased after capsaicin application in 
the central cuneus (theta frequency), left 
dorsolateral prefrontal cortex (alpha frequency), 
and left cuneus and right insula (beta frequency). A 
pain-evoked increase in the right primary motor 
cortex (M1) activity was also observed (beta 
frequency), but only among partic- ipants who 
showed a reduction in corticospinal output (as 
depicted by TMS recruitment curves). These 
participants further showed greater beta M1-
cuneus connectivity than the other participants. 

2018 Bunk 2018 36 18 22.6 NR NR L Seated NR Dorsal thigh (leg) Heat stimuli Non-painful heat Subjective pain sensation ratings were assessed at the end of every minute 

Spectral analysis was performed using Fast Fourier Transform. Relative power spectra 
were calculated for each electrode for the frequency bands delta (0.5–3.5Hz), theta (4–7 
Hz), alpha1 (7.5–9.5 Hz), alpha2 (10–12 Hz), beta1 (13–23 Hz), and beta2 (24–34 Hz). 
The relative power of all 18 epochs per stimulus intensity were averaged to obtain a sin- 
gle power value for each stimulus intensity, separately for each frequency band and 
electrode. 11 No correlation with pain sensation Increased pain sensation being related to a decrease in theta powerIncreased pain sensation being related to a decrease in alpha2 powerSubjective pain sensation is significantly related to beta1 and beta2 power decreaseNR

Subjective pain sensation could significantly 
predict differences in EEG activity in several fre- 
quency bands. An increase in the subjective pain 
sensation was associated with a decrease in alpha2, 
beta1, beta2 as well as in theta activity across the 
midline electrodes


