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Everyday painful experiences are usually single events accompanied
by tissue damage, and yet most experimental studies of cutaneous
nociceptive processing in the brain use repeated laser, thermal, or
electrical stimulations that do not damage the skin. In this study the
nociceptive activity in the brain evoked by tissue-damaging skin lance
was analyzed with electroencephalography (EEG) in 20 healthy adult
volunteers (13 men and 7 women) aged 21–40 yr. Time-frequency
analysis of the evoked activity revealed a distinct late event-related
vertex potential (lance event-related potential, LERP) at 100–300 ms
consisting of a phase-locked energy increase between 1 and 20 Hz
(delta-beta bands). A pairwise comparison between lance and sham
control stimulation also revealed a period of ultralate stronger desyn-
chronization after lance in the delta band (1–5 Hz). Skin application
of mustard oil before lancing, which sensitizes a subpopulation of
nociceptors expressing the cation channel TRPA1, did not affect the
ultralate desynchronization but reduced the phase-locked energy in-
crease in delta and beta bands, suggesting a central interaction
between different modalities of nociceptive inputs. Verbal descriptor
screening of individual pain experience revealed that lance pain is
predominantly due to A� fiber activation, but when individuals de-
scribe lances as C fiber mediated, an ultralate delta band event-related
desynchronization occurs in the brain-evoked activity. We conclude
that pain evoked by acute tissue damage is associated with distinct A�
and C fiber-mediated patterns of synchronization and desynchroniza-
tion of EEG oscillations in the brain.

pain; nociception; cortex; brain; event-related potential

ELECTROENCEPHALOGRAPHIC (EEG) brain activity in response to
noxious experimental stimulation has been extensively studied
in human adult volunteers. The versatility of stimulation tech-
niques such as cutaneous laser, mechanical, electrical, and
thermal stimulation has allowed characterization and differen-
tiation of the components of the event-related potentials
(ERPs) elicited by different peripheral noxious modalities.
After peripheral stimulation, evoked responses to A� and C
nociceptive afferent inputs to the brain can be detected as
long-latency (100–400 ms) and ultralong-latency (800–1,500
ms) neuronal activity in EEG traces (Kakigi et al. 2000),
depending upon the site and modality of stimulation. A late

potential, consisting of a negative and a positive deflection
maximal at the vertex, ascribed to activation of A� afferents,
has been reported after a wide variety of noxious stimulation,
such as electrical (Bromm and Scharein 1982; Miltner et al.
1989; Naka and Kakigi 1998), mechanical (Bromm and Scha-
rein 1982), contact heat (Chao et al. 2008; Chen et al. 2001;
Harkins et al. 2000), and laser radiant heat (Bromm and Treede
1987; Mouraux et al. 2003; Zhang et al. 2012). This ERP,
which differs in latency and in labeling according to the
stimulus modality, has been most commonly studied in re-
sponse to laser radiant heat, when it is often termed laser-
evoked potential (LEP). The amplitude of the LEP has been
found to correlate partially with subjective pain report (Chen et
al. 1998; Garcia-Larrea et al. 1997; Iannetti et al. 2004; Kakigi
et al. 1989) and pain awareness (Valls-Sole et al. 2012), but a
dissociation with subject pain report has also been reported,
consistent with evidence that the LEP reflects stimulus saliency
rather than pain intensity (Iannetti et al. 2008; Legrain et al.
2002; Mouraux and Iannetti 2008).

Recent studies of nociceptive EEG responses have high-
lighted the importance of analyzing not only phase-locked
ERPs but also events that are time-locked but not phase-locked
to the stimulation and are therefore lost in the average in the
time domain. Thus event-related synchronization (ERS) and
event-related desynchronization (ERD) in specific frequency
bands have been observed in response to laser stimulation
(Domnick et al. 2009; Mouraux et al. 2003; Zhang et al. 2012).
These observations may provide more information about brain
activity in relation to afferent input and perceived pain inten-
sity than the phase-locked evoked potentials alone. Selective
activation of peripheral sensory C fibers with laser stimulation
combined with an A-fiber block, low-intensity or small-area
stimulation (Bromm and Treede 1987; Mouraux et al. 2003)
evokes an ultralate positive ERP, corresponding to an ultralate
phase-locked energy increase in the delta frequency band.
Even without special stimulation techniques and therefore in
the absence of the ultralate ERP, C-fiber input elicits non-
phase-locked alpha ERD and beta ERS (Domnick et al. 2009l
Mouraux et al. 2003). More recently, non-phase-locked gamma
ERD has been shown to correlate well with pain intensity
independent of saliency (Zhang et al. 2012). In addition, acute
and chronic topical application of irritant chemicals, such as
capsaicin and mustard oil, which stimulate subpopulations of
small- and medium-diameter nociceptors, have been shown to
alter the activity evoked by noxious stimuli in the time and
frequency domains (Beydoun et al. 1996; Domnick et al.
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2009), reflecting changes in perception and hyperalgesia (Kolt-
zenburg et al. 1992). The A� and C nociceptor afferent volleys
and their subsequent processing are believed to respectively
underlie the perception of first pain, described as well local-
ized, sharp, and pricking, and second pain, described as diffuse
and burning (Bromm and Treede 1984). These properties,
together with the selective activation of the two fiber types by
different stimulus modalities, have been used to devise a novel
assessment tool that discriminates between A� and C fiber-
mediated pain based on the selection of verbal descriptors from
the McGill Pain Questionnaire (Beissner et al. 2010).

These pioneering studies of experimental pain in healthy
volunteers have focused on noxious stimuli that avoid tissue
damage. This method allows repeated stimulation in the same
session, thereby maximizing signal-to-noise ratio. However,
many painful experiences in real life are associated with tissue
damage. A skin-breaking stimulus, such as a lance, provides a
suitable model for these kind of events that cannot otherwise be
obtained with a laser beam or an electrical stimulus, albeit less
selective for A� or C fiber nociceptors. However, to date, the
brain response to a skin-breaking stimulus remains unknown.
In this study, we have characterized, for the first time, the
cortical activity evoked by a noxious cutaneous tissue-damag-
ing stimulation. To do this we recorded the EEG activity
time-locked to finger lances in naive human adults. This is a
frequently required procedure for clinical care, but also a
model of accidental tissue damage. In particular, we investi-
gated the relation of the evoked activity to the peripheral
sensory input and the differential role of A� and C nociceptors
in its generation. First, we compared the response to the lance
to a similar non-tissue-damaging stimulation so that we could
identify which components of the response were specifically
associated to the tissue damage. Subsequently, in order to
identify the cortical correlates of peripheral A� and C nocice-
ptor activations, we 1) assessed the effect of local sensitization
of C fibers expressing the transient receptor potential ankyrin-1
(TRPA1�) by comparing the response to a lance on a finger
treated with mustard oil with that to a lance on a finger treated
with an inactive compound and 2) compared responses classi-
fied as A� or C fiber mediated according to a three-verbal
descriptors discriminator. This study provides an insight into
the underlying brain dynamics that generate acute pain, in
particular those that mediate cortical affective information
regarding real tissue-damaging events that threaten the integ-
rity of the body.

METHODS

Participants

Twenty healthy adult volunteers (13 men and 7 women) aged
21–40 yr (28.6 � 6.5 yr, mean � SD) participated in this study. All
participants gave their written informed consent. The study conformed
to the standards set by the Declaration of Helsinki and was approved
by the University College London Research Ethics committee.

EEG Recording

Recording electrodes (disposable Ag/AgCl cup electrodes) were
positioned according to the modified international 10/20 electrode
placement system at F7, F8, Cz, CPz, C3, C4, CP3, CP4, T3, T4, T5,
T6, O1, and O2. Reference and ground electrodes were placed at FCz
and the chest, respectively. EEG activity, from DC to 70 Hz, was

recorded with the Neuroscan SynAmps2 EEG/EP recording system.
Signals were digitized with a sampling rate of 2 kHz and a resolution
of 24 bits.

Cutaneous Stimuli

The noxious cutaneous tissue-damaging procedure was a lance
performed on the palmar surface of the distal phalanx of the fifth
finger of each hand with a sterile lancet (Tenderfoot, International
Technidyne). The lancet houses a 2.5-mm spring-loaded blade, clin-
ically used to incise the skin for blood sampling. When the device is
activated by pressing a trigger on its superior surface, the blade swings
in an arc such that for a short time the blade protrudes from the device
and makes an incision to a depth of 1 mm in the superficial layers of
the skin. After the blade is released it automatically and permanently
retracts. The release of the blade produced a single event mark on the
EEG recording using an accelerometer mounted to the superior
surface of the lancet that detected the vibration caused by the event
(Worley et al. 2012). A sham control non-tissue-damaging procedure
was performed by rotating the lancet by 90° so that the blade did not
enter the skin.

Peripheral Sensitization

To test the influence of peripheral sensitization upon the lance
response, either 100 �l of mustard oil (95% allyl isothiocyanate;
Sigma-Aldrich) or 100 �l of inactive mineral oil (Sigma-Aldrich) was
applied on either finger. The participants were blind to the side of
mustard oil application. Quantitative sensory testing (QST) was con-
ducted to assess the effect of mustard oil on mechanical and pressure
pain threshold with PinPrick stimulators (MRC Systems) and a
pressure algometer. Three PinPrick stimulators, small-diameter cali-
brated punctate rods, were used: 128, 256, and 512 mN. All stimuli
were applied twice and in random order, and the participants were
blind to the force used. The participants were asked to score each
pinprick independently on a scale of 0–100, where 0 was “no pain”
and 100 was their “worst pain imaginable.” The pressure algometer,
with a surface area of 7.1 mm2 eliciting a constant force of 66 g (9.3
g/mm2), was used to assess pressure pain. The algometer was placed
just below the nail bed on the fifth fingers and removed at the time at
which the participants reported feeling pain. This time was recorded
as a measure of pressure pain threshold.

Pain Report

After each lance, participants were asked to score the pain on a
scale of 0–100, where 0 indicated “no pain” and 100 “worst pain
imaginable.” Subjects were then asked to describe the quality of the
pain by choosing as many words as they wanted from a list of 67
descriptors from the McGill Pain Questionnaire (Melzack 1975). The
results were used to characterize the pain sensation evoked by the
lance as transmitted via A� or C fibers with a validated verbal
discriminator (Beissner et al. 2010).

Experimental Protocol

Studies were conducted in a quiet, temperature-controlled room
purpose-built for research and lasted a maximum of 1 h, with an
average time of 45 min. Experimental preparation involved EEG setup
and application of compounds. Participants were seated while a
qualified clinical physiologist placed the scalp electrodes for EEG
recordings. Electrode/skin contact impedance was kept to a minimum
by abrading the skin with EEG prepping gel and using EEG conduc-
tive paste. Electrodes were held in place with an elastic net, and leads
were tied together to minimize electrical interference. Participants
were blind to the side of mustard oil application; they were asked to
close their eyes and keep their hands at waist level. Mustard oil and
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inactive mineral oil were applied by placing 1-cm2 gauzes soaked
with 100 �l of either compound on the palmar surface of the distal
phalanx of the fifth finger of either hand. In half of the participants
mustard oil was applied on the right hand and in the other half on the
left hand. The fingers were then covered with an occlusion dressing
for 5 min before the skin was cleansed with antiseptic. Participants
were then instructed to keep their eyes closed and their hands with the
palms facing up to conduct QST.

Participants then lay supine on a hospital bed for EEG recording.
They were asked to relax their jaw (to reduce muscle artifact) and
close their eyes (to reduce eyeblink artifact) while counting backward
(to reduce alpha activity). Once the EEG activity had stabilized, the
sham control and the two lances were conducted sequentially, leaving
�1 min between stimuli. The sham control stimulation was always
performed prior to the lances, the first of which was conducted on the
right hand in half of the participants and on the left hand in the other
half. Participants were informed that they would receive a sham
control or a noxious stimulation but were unaware of when the stimuli
would occur. Skin wounds were wiped with antiseptic and dressed
with cotton wool. Pain scoring was reported after each lance, while
the pain description questionnaire was filled in at the end of the
experiment for each lance independently.

EEG Analysis

Preprocessing. EEG data were segmented into epochs of 6 s, from
3 s before stimulus to 3 s after stimulus. Each epoch was baseline
corrected with the prestimulus interval from �3 s to 0 s as a reference.
Eyeblinks and movements were removed from contaminated trials in
EEGLAB with independent component analysis (ICA) and the
CORRMAP toolbox (Delorme and Makeig 2004; Viola et al. 2009).
Independent components clearly representing eyeblinks were low-
pass filtered at 20 Hz with a zero-phase 2nd-order Butterworth filter
and then removed from the traces. Two lance EEG epochs from the
same subject and one control epoch from another subject were
rejected after visual inspection because of contamination by muscle or
gross movement artifacts.

Individual trials were then grouped into 1) lances with inactive
compound, 2) lances with mustard oil, and 3) sham controls. Subse-
quently, all lance trials were also grouped according to verbal descrip-
tion into events that fitted the A� fiber- or C fiber-mediated pain
definition or did not fit into either of these two classifications.

ERP analysis. EEG data were band-pass filtered between 1 and 30
Hz with a zero-phase 2nd-order Butterworth filter and resegmented
into epochs of 1.5 s, from 0.5 s before stimulus to 1 s after stimulus.
Each epoch was baseline corrected with the prestimulus interval �0.5
s to 0 s as a reference. N and P peaks at the vertex (Cz) were identified
in individual traces by a qualified clinical physiologist. This was done
by comparing the individual traces with the grand average across all
subjects and selecting the peak that most resembled those of the
average. The amplitudes and the latencies of the N and P waves were
compared between lances and sham controls and lances on fingers
treated with inactive compound or mustard oil with a two-tailed
Student’s paired t-test. Scalp topography maps were obtained from the
group averages, every 10 ms in 40-ms intervals, centered on the most
negative and most positive deflection following stimulation. Compar-
ison by verbal descriptors was conducted with a one-way ANOVA,
and in case of rejection of the null hypothesis, we performed a post
hoc analysis using a Student’s t-test to compare the responses belong-
ing to the A�, C, and no fiber categories.

Time-frequency analysis. EEG data were high-pass filtered at 1 Hz
with a zero-phase 2nd-order Butterworth filter. Time-frequency anal-
ysis (TF) was performed with a complex Morse wavelet transform
(Olhede and Walden 2002) for the vertex electrode (Cz). This allowed
us to calculate a complex time-frequency (i.e., wavelet-scale) spectral
estimate W(a,b) of the EEG signal at each point (a,b) of the time-
frequency plane from 3 s before stimulus to 3 s after stimulus in the

time domain and between 1 and 70 Hz (in logarithmic steps) in the
frequency domain. We estimated the stimulus-induced energy
changes time-locked to the lances on fingers treated with inactive
compound, to the sham controls, and to the lances on fingers treated
with mustard oil. We then compared these patterns of evoked activity
between lances and sham controls and between lances on fingers with
inactive compound or mustard oil. Subsequently, we regrouped the
lances according to verbal description and compared the patterns of
evoked activity associated with lances described as mediated by A�,
C, or no specific fibers.

The time-frequency spectral energy changes in the EEG that were
induced by the stimuli were estimated on a group average basis
because only one trial per condition per participant was available. This
was done in two ways: 1) by calculating the energy (i.e., modulus
square) of the TF transform for each individual trial and then aver-
aging them in the time-frequency domain (“TF-single”) and 2) by
averaging the trials in the time domain and then calculating the energy
of the TF transform of the resulting average (“TF-group”) as de-
scribed in the APPENDIX. To compare the patterns of evoked activity
between different groups we conducted pairwise comparisons when
possible or group comparisons otherwise (APPENDIX). “TF-single”
represents evoked EEG activity that is phase-locked or non-phase-
locked to the stimulation, while “TF-group” represents only EEG
activity that is phase-locked in the same way for all participants/
trials—i.e., whose phase initialization is coherent across participants/
trials (Mouraux et al. 2003). Therefore, EEG changes present in both
representations should be considered as being phase-locked across
participants/trials, while those that are only present in TF-single
should be considered as non-phase-locked.

The significance level was assumed to be 0.05 for all tests;
however, because these tests were conducted at any point (a,b) of the
time-frequency plane, the false discovery rate was used to correct for
multiple comparisons (Benjamini and Hochberg 1995). The total
number of independent tests performed was estimated in two steps:
1) calculating the number of independent tests at each frequency by
diving the length of the considered epoch by the length of the wavelet
at that frequency (accounting for the correlation caused by the
smoothing in time of the wavelet transform) and 2) adding those
numbers across frequencies.

RESULTS

Adult Response to Noxious Cutaneous Tissue Damage

Finger lances were considered painful by all participants,
with an average pain score of 40.0 � 23.4 (range: 8–90), and
evoked a distinct pattern of brain activity. Both lance and sham
control stimulation evoked clear ERPs, consisting of a negative
and a positive peak, which differed in amplitude and latency
(Fig. 1). Lancing the fingers evoked a lance event-related
potential (LERP) with mean N and P waves �10.78 � 5.82
�V and 9.07 � 5.21 �V in amplitude and 130 � 40 ms and
258 � 61 ms in latency, respectively (n � 19) (Table 1). In
comparison, the N and P waves evoked by the sham control
stimulation were �6.67 � 5.87 �V and 5.12 � 4.81 �V in
amplitude and 103 � 33 ms and 178 � 36 ms in latency,
respectively (n � 19) (Table 1). The peak-to-peak amplitude of
the NP complex was significantly larger after the lance
(19.85 � 9.45 �V) compared with the control sham (11.79 �
9.11 �V; paired t-test P � 0.02). When the N and P peaks were
investigated separately, differences between control sham and
lance were only significant for P amplitude (paired t-test: N,
P � 0.054; P, P � 0.043) and latency (paired t-test: N, P �
0.057; P, P � 0.001).
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Time-frequency analysis revealed event-related activity pat-
terns. Such patterns were not all phase-locked to the stimuli
and therefore not discernible on the time average (Fig. 2).
Lance evoked a late phase-locked energy increase between 0
and 500 ms spanning from the delta to the beta frequency band
(1–20 Hz), consistent with the ERP seen in the time average
(Fig. 2). A pairwise comparison showed that this energy
increase is significantly greater after lance compared with sham
control, especially in the delta/theta (1–5 Hz) and alpha/beta
(10–20 Hz) frequency bands, corresponding to the difference
in the ERPs following the two stimuli (Fig. 3). Time-frequency
analysis also showed a prolonged period of ultralate beta/
gamma (15–40 Hz) ERS and of theta (3–10 Hz) ERD after
lance, which could not be seen in the initial ERP analysis (Fig.
2). A pairwise comparison did not show a consistent difference
between lance and sham control stimuli at these frequencies
but revealed a period of stronger ultralate desynchronization
after lance in the delta band (1–5 Hz) relative to the sham
control stimulation (Fig. 3).

Effect of Peripheral Sensitization

Mustard oil application to the finger was effective in causing
sensitization to dynamic mechanical and pressure pain when
tested with PinPrick stimulators of three intensities (128, 256,
and 512 mN) and a pressure algometer (9.3 g/mm2). Mean pain
ratings were significantly higher when the pinprick stimuli
were applied on the finger treated with mustard oil (paired
t-test: P � 0.001 for all stimulus intensities), and the latency to
pain report on application of the pressure algometer was
significantly shorter (paired t-test: P � 0.016) (Table 2).
Despite this background sensitization, the pain rating given to
lances in the presence of mustard oil (44.6 � 27.5; range:
10–85) was not significantly different from inactive compound
(40.0 � 23.4; range: 8–90; paired t-test: P � 0.14). In
agreement with this, the LERP was not affected by mustard oil
(Fig. 4, Table 1), either in amplitude (paired t-test: N, P �
0.14; P, P � 0.18; peak-to-peak, P � 0.09) or in latency
(paired t-test: N, P � 0.51; P, P � 0.18).

However, a pairwise comparison of the time-frequency de-
compositions showed that the presence of mustard oil influ-
ences the late phase-locked event-related activity pattern cor-
responding to the LERP. This energy increase is significantly
lower after lance on fingers treated with mustard oil, especially
in the delta/theta (1–5 Hz) and alpha/beta (10–15 Hz) fre-
quency bands, while greater in the theta/alpha (5–10 Hz) band
(Fig. 5). There is no effect of mustard oil on the ultralate
non-phase-locked energy changes.

Nociceptive Fiber Components of the LERP Using Verbal
Discrimination

The pain caused by the finger lance was defined according to
a set of verbal descriptors that distinguish A� and C fiber-
mediated pain (Beissner et al. 2010). The overall choice of
descriptors after finger lance spanned a wide range of possible
words but suggested more A� than C fibers (Fig. 6). Thus
verbal descriptors from 20 lances (10 on fingers with inactive
compound � 10 on fingers with mustard oil from 10 partici-
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Fig. 1. Grand average (�SD) event-related potential (ERP) waveforms in response to a finger lance (n � 19) and sham control (n � 19) at Cz, with topography
maps at N and P and at 20 ms and 10 ms before and after the peaks.

Table 1. Peak latency and amplitude and peak-to-peak amplitude
of the event-related potentials

Lance

Control ShamInactive compound Mustard oil

N
Amplitude, �V �10.78 � 5.82 �8.63 � 4.34 �6.67 � 5.87
Latency, ms 130 � 40 138 � 41 103 � 33

P
Amplitude, �V 9.07 � 5.21 7.59 � 4.65 5.12 � 4.81
Latency, ms 258 � 61 240 � 45 178 � 36

Peak to peak, �V 19.85 � 9.45 16.22 � 8.44 11.79 � 9.11

Values are mean � SD latency at the peak and N and P components’ and
peak-to-peak amplitude of the event-related potential after lance in the pres-
ence of inactive compound or mustard oil and after control sham stimulation.
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pants) implied A� fiber pain, while those from only 4 lances (3
on fingers with inactive compound � 1 on fingers with mustard
oil from 4 participants) implied C fiber-mediated pain. The
remaining 14 trials (6 on fingers with inactive compound � 8
on fingers with mustard oil from 9 participants) did not fit into

either of these two classifications. Pain rating was not depen-
dent on the verbal discrimination categories (1-way ANOVA:
P � 0.769).

Finger lances described as mediated by A� and C fibers or
by no specific fibers all evoked a clear LERP (Fig. 7A).
Amplitude and latency were significantly different between the
three categories only for P (1-way ANOVA: N amplitude P �
0.29; N latency P � 0.76; P amplitude P � 0.006; P latency
P � 0.039). Post hoc testing revealed that this was due to the
difference between lances described as A� mediated and those
that did not fall into either of the two categories (unpaired
t-test: amplitude P � 0.0017; latency P � 0.018).

The modified Bartlett’s test and subsequent post hoc testing
on the time-frequency decomposition showed differences
within the three descriptive categories in both the late and the
ultralate event-related activity patterns. In agreement with
the ERP analysis, the late energy increase corresponding to the
LERP is significantly greater after lances described as A� fiber
mediated compared with those that did not fit either category in
the delta/theta (1–5 Hz) frequency band. In addition, time-
frequency analysis showed an ultralate delta (1–3 Hz) ERD5 µV
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Fig. 3. Pairwise comparison of the time-frequency decomposition between
lance and sham control at Cz. This comparison displays the difference in the
phase-locked and non-phase-locked evoked activity between lance and sham
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while values between 0.5 and 1 correspond to higher energy after lance
(compared with sham control). Circumscribed areas represent significant
evoked activity differences between lance and sham control. An approximated
EEG frequency band division is displayed next to the time-frequency plot.

Table 2. Quantitative sensory testing in presence of inactive
compound or mustard oil

Inactive Compound Mustard Oil

PinPrick
128 mN 2.2 � 2.7 (0–30) 6.6 � 11.2 (0–40)
256 mN 12.1 � 18.7 (0–90) 25 � 23.9 (0–95)
512 mN 29.3 � 27.3 (0–97) 37.4 � 28.6 (0–100)

Algometer 64.2 � 51.3 (8–180) 41.3 � 62.2 (3–180)

Values are mean � SD (range) pain ratings (on a 0–100 pain scale) in
response to PinPricks of different weights in the presence of inactive com-
pound or mustard oil and latency to pain report (in s) on application of the
pressure algometer.
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associated with the lance responses described as C fiber me-
diated (Fig. 7B).

DISCUSSION

In this study we have characterized, for the first time, the
event-related brain activity associated with acute tissue-dam-
aging painful skin lance in healthy adults. Analysis of verbal
descriptors suggests that A� fibers are the predominant afferent
nociceptive input relating to such tissue damage. We intended
to model real-life pain experiences by choosing naive volun-
teers as participants and a familiar tissue-damaging single
event as stimulus. However, our results would have been
difficult to interpret without the fundamental information pro-
vided by experimental pain studies, which forms the basis of
much of our understanding of this field today.

Cortical Activation by Noxious Cutaneous Tissue Damage

Finger lances evoked a clear late NP complex. This was
called the lance event-related potential (LERP) and had a P
peak significantly greater in amplitude and latency than that of
the NP complex evoked by sham control.

Mechanical stimuli excites a mixture of low- and high-
threshold mechanoreceptors (Baumgartner et al. 2012), and the
difference between innocuous and noxious evoked activity
may be explained in terms of afferent fiber involvement and
subsequent information processing. The N peak evoked by the
lance and the sham control is comparable to that evoked by
mechanical pinprick stimulation (Bromm and Scharein 1982;
Iannetti et al. 2007; Yamauchi et al. 1981). As with our
findings, this peak did not distinguish innocuous from noxious
stimulation and is therefore likely to arise from A� tactile
afferent input. On the other hand, the P peak following the
lance is comparable to the positive deflection identified by
Bromm and Scharein (1982), which was accompanied by pain
report, and may be explained by the recruitment of A� noci-
ceptors in addition to A� tactile afferents. However, it may
also represent a difference in the saliency between an innocu-
ous control and a noxious stimulation (Iannetti and Mouraux
2010; Legrain et al. 2011). The vertex potential following
mechanical stimulation found in the present study and reported

by others (Bromm and Scharein 1982; Iannetti et al. 2007;
Yamauchi et al. 1981) has a shorter latency (80–280 ms) than
that following laser stimulation (200–380 ms; Cruccu et al.
2008; Treede et al. 2003) but is nevertheless consistent with A�
activation. Contact heat- and laser-evoked potentials are me-
diated by thermonociceptive cutaneous fibers, and it is not
surprising that the mechanonociceptive evoked responses re-
ported have a shorter latency. The skin lance is most likely to
activate type I A� nociceptors, which have lower mechanical
thresholds, slower heat responses, and faster conduction veloc-
ities, compared with type II A� nociceptors, which are rela-
tively insensitive to mechanical stimulation and respond more
rapidly to heat (type I mean 25 m/s compared with type II mean
14 m/s) (Treede et al. 1998). In addition, skin lance will evoke
a highly synchronized volley, free from the delays involved in
thermal absorption and intraepidermal nociceptor distribution.

The finger lance evoked two late regions of phase-locked
energy increase in the delta/theta and alpha/beta bands occur-
ring before 500 ms and 250 ms, respectively, and a period of
ultralate beta/gamma ERS and delta/theta ERD starting after
500 ms and lasting until 2,500 ms. The regions of phase-locked
energy increase after finger lance are likely to represent the
LERP, and paired comparison with sham control stimulation
highlights activity associated with nociceptive input or associ-
ated saliency in the delta and alpha bands (Iannetti et al. 2008),
similar to those associated with late LEPs (Mouraux et al.
2003; Mouraux and Iannetti 2008). In particular the late alpha
band energy increase is similar to the “late ERS” described by
Mouraux et al. (2003), which was found to have a non-phase-
locked and a phase-locked component. In the case of finger
lance, this is mostly phase-locked and may indicate 1) repeated
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stimulation inducing a latency jitter that is not present in single
stimulus trials, as in the present study, and 2) a more regulated
pattern of brain activity following a tissue-damaging procedure
compared with laser stimulation. The ultralate beta/gamma
ERS after finger lance is not consistently greater compared
with sham control stimulation and is therefore likely to be
related to nonspecific aspects of the sensory input (Boiten et al.
1992; Dujardin et al. 1993; Gaetz and Cheyne 2006; Pfurt-
scheller and Lopes da Silva 1999). A notable finding in this
study is the stronger theta/delta ERD following finger lance
compared with sham control stimulation. This may reflect
brain activities related to attentional and mnemonic processes
required by the task of pain scoring (Iannetti et al. 2008;
Mouraux et al. 2003).

The sham control stimulation evoked a clear response in
only 7 of 19 single trials and only by a clinically trained
clinical physiologist identifying the peak and troughs that most
resembled the N and P components of the group average. Data
mining techniques such as ICA and wavelet analysis to en-
hance the signal-to-noise ratio in single trials could have been
beneficial (Hu et al. 2010). Nevertheless, our conclusions are
based on group analyses, and the variability caused by the
partially subjective peak selection can be considered part of the
distribution variance.

Effect of Peripheral Sensitization

Mustard oil was used in this study to test the effect of
nociceptor sensitization on the LERP. Topical application of
mustard oil (allyl isothiocyanate) to the skin activates under-
lying sensory nerve endings, producing pain, inflammation,
and robust hypersensitivity to thermal and mechanical stimuli.
The cellular and molecular target for the pungent action of
mustard oil is TRPA1 (Jordt et al. 2004). TRPA1 is generally
expressed in small- to medium-diameter, peptide-containing
neurons that express the related TRPV1, a multimodal channel
activated by capsaicin, heat, and inflammatory chemicals. The
expression distribution depends on the target tissue, and recent
estimates suggest that �6% of cutaneous nociceptors are
TRPA1� (Malin et al. 2011). It is also expressed by many
large-caliber axons and low-threshold mechanoreceptor end-
ings, epidermal and hair follicle keratinocytes (Kwan et al.

2009). In the present study, mustard oil increased the pain
report to both pinprick and pressure, consistent with peripheral
sensitization of TRPA1-expressing A� and C fiber mechanono-
ciceptors, but that could also have arisen from a rapid central
sensitization of dorsal horn neurons following TRPA1 nocice-
ptor stimulation (Woolf and King 1990). Despite the clear
reported mechanical sensitization, consistent with previous
reports (Koltzenburg et al. 1992), mustard oil did not affect
pain ratings to finger lances. This may be because the lance
stimulus is so salient that nociceptive perception is saturated,
precluding the possibility of enhanced pain, or that it stimulates
deep nociceptors, unaffected by the topical mustard oil (Si-
mone and Ochoa 1991).

Mustard oil also did not increase the LERP, but rather the
overall energy was reduced and there was no significant dif-
ference in evoked activity in the ultralate time frame. Mixed
effects on thermonociceptive evoked potentials have been
reported after application of another sensitizing agent, topical
capsaicin, which sensitizes the TRPV1 channel. Doses that
produce heat hyperalgesia and allodynia either do not change
or reduce laser-evoked pain, together with unchanged or re-
duced LEP amplitudes and longer latencies (de Tommaso et al.
2005; Domnick et al. 2009; Valeriani et al. 2003). Others
report capsaicin increasing LEP amplitudes related to C fiber
activity but not A� activity (Tzabazis et al. 2011), while
contact heat-evoked potentials have decreased N2/P2 latencies
but unchanged amplitudes after capsaicin (Madsen et al. 2012).
Taken together these results suggest a central interaction of
activity evoked by A� and C fibers, and our data indicate that
enhanced C nociceptor ongoing activity following mustard oil
sensitization desynchronizes the A�-mediated signaling (Tran
et al. 2008; Truini et al. 2007).

Nociceptive Fiber Contribution to LERP

A recent screening test involving a three-item verbal rating
using the words “pricking,” “dull,” and “pressing” character-
izes pain sensations evoked by a physical stimulus as trans-
mitted via A� or C fibers (Beissner et al. 2010). This test was
easy to administer and time efficient and provided specific and
relevant information about whether the finger lance excited
predominantly A� or C fibers in our volunteers. A wide variety

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

D
ul

l
D

ra
w

in
g

C
ru

sh
in

g
P

re
ss

in
g

T
hr

ob
bi

ng
C

ol
d

N
um

b
C

oo
l

P
ou

nd
in

g
S

pr
ea

di
ng

T
iri

ng
Q

ui
ve

rin
g

T
en

de
r

P
un

is
hi

ng
R

ad
ia

tin
g

S
or

e
Ju

m
pi

ng
F

ea
rf

ul
C

ra
m

pi
ng

E
xh

au
st

in
g

H
ur

tin
g

F
re

ez
in

g
P

ul
si

ng
S

ca
ld

in
g

Itc
hy

H
ea

vy
T

in
gl

in
g

H
ot

N
ag

gi
ng

B
or

in
g

T
au

t
A

nn
oy

in
g

N
au

se
at

in
g

W
re

tc
he

d
S

qu
ee

zi
ng

T
ro

ub
le

so
m

e
P

ie
rc

in
g

C
ru

el
La

ce
ra

tin
g/

te
ar

in
g

T
ig

ht
G

ru
el

lin
g

S
ic

ke
ni

ng
S

ea
rin

g
B

ur
ni

ng
P

en
et

ra
tin

g
T

ug
gi

ng
A

ch
in

g
V

ic
io

us
A

go
ni

si
ng

W
re

nc
hi

ng
G

na
w

in
g

P
in

ch
in

g
In

te
ns

e
P

ul
lin

g
D

ril
lin

g
P

ric
ki

ng
S

pl
itt

in
g

T
or

tu
rin

g
R

as
pi

ng
La

nc
in

at
in

g
S

tin
gi

ng
S

m
ar

tin
g

S
ho

ot
in

g
S

ta
bb

in
g

S
ha

rp
F

la
sh

in
g

C
ut

tin
g

M
ea

n 
nu

m
be

r 
of

 s
el

ec
tio

ns

Inactive compound

Mustard oil

Pain descriptors

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

Suggesting C fibre pain Suggesting Aδ fibre pain

Fig. 6. Descriptive words chosen to describe the pain sensation following finger lance.

2399CORTICAL ACTIVITY EVOKED BY TISSUE DAMAGE

J Neurophysiol • doi:10.1152/jn.00990.2012 • www.jn.org

on A
ugust 15, 2014

D
ow

nloaded from
 



of words from the McGill Pain Questionnaire were chosen to
describe each lance event; however, it was clear that most
descriptors were from the A�-fiber input range. Of the 38 lance
events accepted for analysis, 20 were classified as A� fiber
related and 4 as C fiber related and 14 could not be categorized,
according to the discrimination proposed by Beissner et al.
(2010). These classifications were not related to the presence of
mustard oil or to the reported pain intensity.

While all lances evoked a clear NP complex, a significant
difference in the latency and amplitude of the P component was
found between lances described as A� fiber mediated and those
that did not fall into any category, suggesting that the P
component is related to the processing of A�-fiber input. In the
frequency domain, this corresponds to the phase-locked energy
increase in the delta/theta band. On the other hand, the late
alpha/beta band ERS does not correlate with fiber type and may
be more closely related to the saliency of the stimulus. The
LERPs that were described as mediated by C fibers were not
differing from A� but were followed by a significantly stronger
ultralate delta ERD, suggesting that this ERD is associated
with processing of C-fiber input. It is likely that any given
lance is mediated by an A�-, A�-, and C-fiber input but the
balance of activation differs between individuals and this is
reflected in the pattern of non-phase-locked neural activity in
the cortex. The three-word verbal discriminator is a convenient
and noninvasive indication of peripheral input; however, it is
not a direct measure of afferent fiber activation, and our
interpretation requires further experimental evidence (Beissner
et al. 2010).

Methodological Considerations

Typically, experiments exploring cortical responses to sen-
sory stimuli involve multiple repetitions of the same stimula-
tion (in terms, for example, of modality and intensity) on the
same subject. Responses for each subject/condition can then be
obtained by averaging single sweeps, allowing higher signal-
to-noise ratio and group analyses on these averaged trials. As
a result, each group may contain data from, for example, 20
trials 	 10 subjects � 200 trials. In the present study, where
frank tissue damage occurred, we were limited to recording
single responses from 20 subjects, therefore not permitting
analysis on an individual basis. Nevertheless, the group anal-
ysis allowed us to identify statistically significant patterns
(above the noise/variance level) characteristic of the EEG
response to a skin-breaking procedure.

Ideally, to avoid bias due to stimulus anticipation, control
stimulation and lance should be applied in a pseudorandom
order. However, because of the tissue damage caused by the
lance, this was not possible. Therefore the pain expectancy
could have been higher before the lance than the sham control.
However, this has been shown not to affect the vertex potential
evoked by noxious laser stimulations (Brown et al. 2008;
Lorenz et al. 2005). Although caution was taken to blind the
participants to the side of mustard oil application, the burning
sensation caused by the compound was unavoidable. The
sensitization of TRPA� C fibers, however, is a peripheral
effect that does not depend on subjective awareness, and this
was the purpose of this treatment rather than the response to
mustard oil per se. Nevertheless, the unblinding problem in
testing irritant compounds such as mustard oil or capsaicin is
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well known, and currently there are no entirely satisfactory
solutions to it (Gooding et al. 2010).

Conclusions

Noxious cutaneous tissue damage causes a distinct late ERP
(lance event related potential, LERP) that can be measured at
the vertex with a latency of 100–300 ms that is likely to reflect
A� and A� fiber-evoked somatosensory cortical processing
modulated by saliency. This LERP also consists of a phase-
locked energy increase between 1 and 20 Hz, which can be
disrupted by ongoing activity from TRPA1� C fibers, support-
ing the idea of central interaction of A�- and C-fiber inputs.
The use of a verbal descriptor screening test suggested that
lance pain experience is predominantly due to A� fiber activa-
tion, which results in the late LERP, and that, when individuals
describe lances as C fiber mediated, an ultralate delta band
ERD follows this response. Thus we conclude that pain evoked
by acute tissue damage is associated with distinct A� and C
fiber-mediated patterns of synchronization and desynchroniza-
tion of EEG oscillations in the brain. Lances are routinely used
for blood sampling, especially in neonatal intensive care,
where they are known to cause a clear nociceptive response in
the cortex (Fabrizi et al. 2011; Slater et al. 2010). The results
and analysis presented here could therefore be used to map and
interpret the development of A� and C fiber-mediated patterns
of EEG synchronization and desynchronization in the newborn
brain.

APPENDIX: TF-SINGLE AND TF-GROUP MODELING

The estimation of the time-frequency spectral energy content of the
EEG signal was conducted in two ways: 1) by calculating the energy
of the TF transform for each individual trial and then averaging them
in the time-frequency domain (TF-single) (Mouraux et al. 2003) and
2) by averaging the trials in the time domain and then calculating the
energy of the TF transform of the resulting average (TF-group). To
assess the significance of the energy changes induced by the different
stimuli compared with ongoing background EEG and to confront the
patterns of evoked activity between different groups, we specified the
normalized estimators for TF-single and TF-group and their modeling
distributions.

Individual trials were grouped according to the stimulation type and
the compound present on the stimulated finger into 1) lances on
fingers treated with inactive compound (LIC), 2) lances on fingers
treated with mustard oil (LMO), and 3) sham controls (SC). Subse-
quently, all lance trials were also grouped according to verbal descrip-
tion into events that fitted the A� fiber (LA�)- or C fiber (LC)-
mediated pain definition or did not fit in either of these two classifi-
cations (LNo).

We started by defining a model for the observed EEG signal
assuming that this signal is a superimposition of effects due to the
ongoing background EEG activity and the activity evoked by the
stimulation. The observed EEG signal X(kr)(t) for trial/subject k (with
k � 1, . . . , N where N is the number of trials/subjects) from a given
group r (with r � LIC, LMO, or SC) can then be described as

X�kr��t� � Xn
�kr��t� � Xs

�kr��t� (1)

where Xs
(kr)(t) is the signal we wish to extract and Xn

(kr)(t) is the
ongoing background EEG (i.e., noise). Time-frequency analysis was
performed with a complex Morse wavelet transform (Olhede and
Walden 2002), and because this is a linear operation, it results that

W�kr��a, b� � Wn
�kr��a, b� � Ws

�kr��a, b� (2)

where Wn
(kr)(a,b) is the wavelet transform of the noise Xn

(kr)(t) and

Ws
(kr)(a,b) is the wavelet transform of the signal Xs

(kr)(t). Moreover,
considering Xn

(kr)(t) as a Gaussian process (e.g., the realization for any
set of time points being jointly normal), it follows that at any given
time point b the wavelet transform has distribution

Wn
�kr��a, b� � NC�0, �r

2�a�� (3)

while the signal of interest has a more heterogeneous temporal
structure,

Ws
�kr��a, b� � NC�0, �r

2�a, b�� (4)

To assess the significance of the energy changes represented by
TF-single for a given group r we compared the sample mean energy
(i.e., modulus square) S̃ (r)(a,b)—obtained by averaging of the N
wavelet transforms of the individual trials/subjects k belonging to that
group—against the noise �r

2(a). This is equivalent to defining a
normalized estimator S̃ (r)(a,b) of TF-single as

S̃�r��a, b� �
Ŝ�r��a, b�

�r
2�a�

(5)

where (sample averaging)

Ŝ�r��a, b� �
1

N �
k�1

N

�W�kr��a, b��2 (6)

and �r
2(a) can be estimated from the baseline period T preceding the

stimulation as

�̂r
2(a) �

1

�T� �
b�T

Ŝ�r��a, b� (7)

To conduct an appropriate statistical test on the normalized estimator
described in Eq. 5, we need to specify a suitable modeling distribu-
tion. From Eq. 3 we have that

�W�kr��a, b��2

�r
2�a�

�
1

2
	2

2 ∀ k (8)

and therefore, considering Eqs. 5 and 6, that

S̃�r��a, b� �
1

2N
	2N

2 (9)

The statistical significance of the energy changes represented by
TF-single and modeled by S̃ (r)(a,b) can then be tested with a two-
tailed 	2-test.

Now we intend to specify a similar model and test for TF-group. To

do this for a given group r, we compared the energy S̄
ˆ�r��a,b� of the

mean EEG trace of the sample—obtained by averaging of the N
individual trials/subjects k belonging to that group—against the noise
�r

2(a). Starting again from Eqs. 3 and 4, this is equivalent to defining

a normalized estimator S̄
ˆ�r��a,b� of TF-group as

S̄
˜�r��a, b� �

S̄
ˆ�r��a, b�

�r
2�a�

(10)

where, considering that the Morse wavelet transformation is a linear
operation,

S̄
ˆ�r��a, b� � � 1

N �
k�1

N

W�kr��a, b��2

� �W̄�r��a, b��2
(11)

and �r
2(a) can be estimated as in Eq. 7. Assuming Eqs. 3 and 4, it

results that the sample mean of the wavelet transform W��� (r)(a,b) is
distributed as
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W̄�r��a, b� � NC�0,
�r

2�a�
N � (12)

and therefore the modeling distribution for the normalized estimator
of TF-group in Eq. 10 can be specified as

S̄
˜�r��a, b� �

1

2N
	2

2 (13)

The statistical significance of the energy changes represented by

TF-group and modeled by S̄
˜�r��a,b� can then be tested with a two-tailed

	2-test.
To compare the patterns of evoked activity between different

conditions we conducted a within-subject pairwise comparison. The
TFs-single were compared between lances and sham controls (LIC vs.
SC) and between lances on fingers treated with inactive compound or
mustard oil (LIC vs. LMO). Considering N pairs of trials k from the
same subject in conditions r1 and r2 (i.e., LIC vs. SC or LIC vs.
LMO), a normalized estimator of the within-subject pairwise differ-
ence in TFs-single can be defined as

D̃�r12��a, b� �
D̂�r12��a, b�

�r12

2 �a�
(14)

where

D̂�r12��a, b� �
1

N �
k�1

N

��W�kr1��a, b��2 
 �W�kr2��a, b��2� (15)

and �r12

2 (a) can be estimated as in Eq. 7. To specify the appropriate

modeling distribution for D̃ �r12��a, b�, we start by defining the
difference in TF-single between conditions r1 and r2 for a given
subject k as

Z�kr��a, b� � ��W�kr1��a, b��2 
 �W�kr2��a, b��2� ∀ k (16)

From Eq. 8 we get that

Z�kr��a, b� �
1

2
	2

2�r
2�a� 


1

2
	2

2�r
2�a� � Exp�1� 
 Exp�1� (17)

where Exp(1) is the exponential distribution with mean 1. Therefore

Z�kr��a, b�
�r

2�a�
� Laplace�0, 1� (18)

and, according to the central limit theorem,

�
k�1

N Z�kr��a, b�
�r

2�a�
� N�0, 2N� (19)

A two-tailed z-test could then be conducted on

D̃�r12��a, b� � N�0,
2

N� (20)

Lances were then regrouped according to verbal description into
lances described as mediated by A� (LA�), C (LC), or no specific
(LNo) fibers. To assess whether there was a difference in the patterns
of evoked activity between these categories we compared their TFs-
single with a modified Bartlett’s test (Snedecor and Cochran 1980). In
case of rejection of the null hypothesis, we performed a post hoc
analysis to assess which categories were significantly different from
each other, but only in the time-frequency regions that were found
significantly different in the modified Bartlett’s test. To compare the
TF-single associated to category c1 with the TF-single associated to
category c2 we looked at the ratio between these two quantities:

T�c12� �
S̃�c1��a, b�
S̃�c2��a, b�

�

1

2N
	2N

2

1

2N
	2N

2

� F2N,2N (21)

where the categories c1 and c2 represent LA�, LC, or LNo. The
statistical significance of this quantity could then be tested with a
two-tailed F-test.

ACKNOWLEDGMENTS

We thank all the participants who took part in this study, Jacqueta Mere-
dith-Middleton for participants’ recruitment, and Debbie Patten for assistance
in data collection.

GRANTS

This work was supported by the Wellcome Trust. S. Olhede was supported
by the Engineering and Physical Sciences Research Council.

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by the author(s).

AUTHOR CONTRIBUTIONS

Author contributions: L.F., G.W., R.S., and M.F. conception and design of
research; L.F., A.L., and S.O. analyzed data; L.F., G.W., J.M., and M.F.
interpreted results of experiments; L.F. and G.W. prepared figures; L.F. and
G.W. drafted manuscript; L.F., G.W., A.L., J.M., S.O., and M.F. edited and
revised manuscript; L.F., G.W., A.L., J.M., R.S., S.O., and M.F. approved final
version of manuscript; G.W. and A.L. performed experiments.

REFERENCES

Baumgartner U, Greffrath W, Treede RD. Contact heat and cold, mechan-
ical, electrical and chemical stimuli to elicit small fiber-evoked potentials:
merits and limitations for basic science and clinical use. Clin Neurophysiol
42: 267–280, 2012.

Beissner F, Brandau A, Henke C, Felden L, Baumgartner U, Treede RD,
Oertel BG, Lotsch J. Quick discrimination of A(delta) and C fiber mediated
pain based on three verbal descriptors. PloS One 5: e12944, 2010.

Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical
and powerful approach to multiple testing. J R Stat Soc 57: 289–300, 1995.

Beydoun A, Dyke DB, Morrow TJ, Casey KL. Topical capsaicin selectively
attenuates heat pain and A delta fiber-mediated laser-evoked potentials. Pain
65: 189–196, 1996.

Boiten F, Sergeant J, Geuze R. Event-related desynchronization: the effects
of energetic and computational demands. Electroencephalogr Clin Neuro-
physiol 82: 302–309, 1992.

Bromm B, Scharein E. Principal component analysis of pain-related cerebral
potentials to mechanical and electrical stimulation in man. Electroencepha-
logr Clin Neurophysiol 53: 94–103, 1982.

Bromm B, Treede RD. Nerve fibre discharges, cerebral potentials and
sensations induced by CO2 laser stimulation. Hum Neurobiol 3: 33–40,
1984.

Bromm B, Treede RD. Human cerebral potentials evoked by CO2 laser
stimuli causing pain. Exp Brain Res 67: 153–162, 1987.

Brown CA, Seymour B, Boyle Y, El-Deredy W, Jones AK. Modulation of
pain ratings by expectation and uncertainty: behavioral characteristics and
anticipatory neural correlates. Pain 135: 240–250, 2008.

Chao CC, Hsieh SC, Tseng MT, Chang YC, Hsieh ST. Patterns of contact
heat evoked potentials (CHEP) in neuropathy with skin denervation: corre-
lation of CHEP amplitude with intraepidermal nerve fiber density. Clin
Neurophysiol 119: 653–661, 2008.

Chen AC, Niddam DM, Arendt-Nielsen L. Contact heat evoked potentials as
a valid means to study nociceptive pathways in human subjects. Neurosci
Lett 316: 79–82, 2001.

Chen AC, Arendt-Nielsen L, Plaghki L. Laser-evoked potentials in human
pain. I. Use and possible misuse. Pain Forum 7: 174–184, 1998.

2402 CORTICAL ACTIVITY EVOKED BY TISSUE DAMAGE

J Neurophysiol • doi:10.1152/jn.00990.2012 • www.jn.org

on A
ugust 15, 2014

D
ow

nloaded from
 



Cruccu G, Aminoff MJ, Curio G, Guerit JM, Kakigi R, Mauguiere F,
Rossini PM, Treede RD, Garcia-Larrea L. Recommendations for the
clinical use of somatosensory-evoked potentials. Clin Neurophysiol 119:
1705–1719, 2008.

de Tommaso M, Losito L, Difruscolo O, Sardaro M, Libro G, Guido M,
Lamberti P, Livrea P. Capsaicin failed in suppressing cortical processing
of CO2 laser pain in migraine patients. Neurosci Lett 384: 150–155, 2005.

Delorme A, Makeig S. EEGLAB: an open source toolbox for analysis of
single-trial EEG dynamics including independent component analysis. J
Neurosci Methods 134: 9–21, 2004.

Domnick C, Hauck M, Casey KL, Engel AK, Lorenz J. C-fiber-related
EEG-oscillations induced by laser radiant heat stimulation of capsaicin-
treated skin. J Pain Res 2: 49–56, 2009.

Dujardin K, Derambure P, Defebvre L, Bourriez JL, Jacquesson JM,
Guieu JD. Evaluation of event-related desynchronization (ERD) during a
recognition task: effect of attention. Electroencephalogr Clin Neurophysiol
86: 353–356, 1993.

Fabrizi L, Slater R, Worley A, Meek J, Boyd S, Olhede S, Fitzgerald M.
A shift in sensory processing that enables the developing human brain to
discriminate touch from pain. Curr Biol 21: 1552–1558, 2011.

Gaetz W, Cheyne D. Localization of sensorimotor cortical rhythms induced
by tactile stimulation using spatially filtered MEG. Neuroimage 30: 899–
908, 2006.

Garcia-Larrea L, Peyron R, Laurent B, Mauguiere F. Association and
dissociation between laser-evoked potentials and pain perception. Neurore-
port 8: 3785–3789, 1997.

Gooding SM, Canter PH, Coelho HF, Boddy K, Ernst E. Systematic review
of topical capsaicin in the treatment of pruritus. Int J Dermatol 49: 858–
865, 2010.

Harkins SW, Price DD, Roy A, Itskovich VV, Fei DY. Somatosensory
evoked potentials associated with thermal activation of type II Adelta
mechanoheat nociceptive afferents. Int J Neurosci 104: 93–111, 2000.

Hu L, Mouraux A, Hu Y, Iannetti GD. A novel approach for enhancing the
signal-to-noise ratio and detecting automatically event-related potentials
(ERPs) in single trials. Neuroimage 50: 99–111, 2010.

Iannetti GD, Baumgartner U, Lee MC, Tracey I, Magerl W, Treede RD.
Pinprick-evoked potentials (PEPs): a novel tool to assess central sensitiza-
tion in humans (Abstract). Eur J Pain 11: S89, 2007.

Iannetti GD, Hughes NP, Lee MC, Mouraux A. Determinants of laser-
evoked EEG responses: pain perception or stimulus saliency? J Neuro-
physiol 100: 815–828, 2008.

Iannetti GD, Leandri M, Truini A, Zambreanu L, Cruccu G, Tracey I.
Adelta nociceptor response to laser stimuli: selective effect of stimulus
duration on skin temperature, brain potentials and pain perception. Clin
Neurophysiol 115: 2629–2637, 2004.

Iannetti GD, Mouraux A. From the neuromatrix to the pain matrix (and
back). Exp Brain Res 205: 1–12, 2010.

Jordt SE, Bautista DM, Chuang HH, McKemy DD, Zygmunt PM, Hoges-
tatt ED, Meng ID, Julius D. Mustard oils and cannabinoids excite sensory
nerve fibres through the TRP channel ANKTM1. Nature 427: 260–265,
2004.

Kakigi R, Shibasaki H, Ikeda A. Pain-related somatosensory evoked poten-
tials following CO2 laser stimulation in man. Electroencephalogr Clin
Neurophysiol 74: 139–146, 1989.

Kakigi R, Watanabe S, Yamasaki H. Pain-related somatosensory evoked
potentials. J Clin Neurophysiol 17: 295–308, 2000.

Koltzenburg M, Lundberg LE, Torebjork HE. Dynamic and static compo-
nents of mechanical hyperalgesia in human hairy skin. Pain 51: 207–219,
1992.

Kwan KY, Glazer JM, Corey DP, Rice FL, Stucky CL. TRPA1 modulates
mechanotransduction in cutaneous sensory neurons. J Neurosci 29: 4808–
4819, 2009.

Legrain V, Guerit JM, Bruyer R, Plaghki L. Attentional modulation of the
nociceptive processing into the human brain: selective spatial attention,
probability of stimulus occurrence, and target detection effects on laser
evoked potentials. Pain 99: 21–39, 2002.

Legrain V, Iannetti GD, Plaghki L, Mouraux A. The pain matrix reloaded:
a salience detection system for the body. Prog Neurobiol 93: 111–124, 2011.

Lorenz J, Hauck M, Paur RC, Nakamura Y, Zimmermann R, Bromm B,
Engel AK. Cortical correlates of false expectations during pain intensity
judgments—a possible manifestation of placebo/nocebo cognitions. Brain
Behav Immun 19: 283–295, 2005.

Madsen CS, Johnsen B, Fuglsang-Frederiksen A, Jensen TS, Finnerup
NB. Increased contact heat pain and shortened latencies of contact heat
evoked potentials following capsaicin-induced heat hyperalgesia. Clin Neu-
rophysiol 123: 1429–1436, 2012.

Malin S, Molliver D, Christianson JA, Schwartz ES, Cornuet P, Albers
KM, Davis BM. TRPV1 and TRPA1 function and modulation are target
tissue dependent. J Neurosci 31: 10516–10528, 2011.

Melzack R. The McGill Pain Questionnaire: major properties and scoring
methods. Pain 1: 277–299, 1975.

Miltner W, Johnson R Jr, Braun C, Larbig W. Somatosensory event-related
potentials to painful and non-painful stimuli: effects of attention. Pain 38:
303–312, 1989.

Mouraux A, Guerit JM, Plaghki L. Non-phase locked electroencephalogram
(EEG) responses to CO2 laser skin stimulations may reflect central interac-
tions between Adelta- and C-fibre afferent volleys. Clin Neurophysiol 114:
710–722, 2003.

Mouraux A, Iannetti GD. Across-trial averaging of event-related EEG
responses and beyond. Magn Reson Imaging 26: 1041–1054, 2008.

Naka D, Kakigi R. Simple and novel method for measuring conduction
velocity of A delta fibers in humans. J Clin Neurophysiol 15: 150–153,
1998.

Olhede SC, Walden AT. Generalized Morse wavelets. IEEE Trans Signal
Process 50: 2661–2670, 2002.

Pfurtscheller G, Lopes da Silva FH. Event-related EEG/MEG synchroniza-
tion and desynchronization: basic principles. Clin Neurophysiol 110: 1842–
1857, 1999.

Simone DA, Ochoa J. Early and late effects of prolonged topical capsaicin on
cutaneous sensibility and neurogenic vasodilatation in humans. Pain 47:
285–294, 1991.

Slater R, Fabrizi L, Worley A, Meek J, Boyd S, Fitzgerald M. Premature
infants display increased noxious-evoked neuronal activity in the brain
compared to healthy age-matched term-born infants. Neuroimage 52: 583–
589, 2010.

Snedecor GW, Cochran WG. Statistical Methods. Ames, IA: Iowa State
Univ. Press, 1980.

Tran TD, Matre D, Casey KL. An inhibitory interaction of human cortical
responses to stimuli preferentially exciting Adelta or C fibers. Neuroscience
152: 798–808, 2008.

Treede RD, Lorenz J, Baumgartner U. Clinical usefulness of laser-evoked
potentials. Clin Neurophysiol 33: 303–314, 2003.

Treede RD, Meyer RA, Campbell JN. Myelinated mechanically insensitive
afferents from monkey hairy skin: heat-response properties. J Neurophysiol
80: 1082–1093, 1998.

Truini A, Galeotti F, Cruccu G, Garcia-Larrea L. Inhibition of cortical
responses to Adelta inputs by a preceding C-related response: testing the
“first come, first served” hypothesis of cortical laser evoked potentials. Pain
131: 341–347, 2007.

Tzabazis AZ, Klukinov M, Crottaz-Herbette S, Nemenov MI, Angst MS,
Yeomans DC. Selective nociceptor activation in volunteers by infrared
diode laser. Mol Pain 7: 18, 2011.

Valeriani M, Arendt-Nielsen L, Le Pera D, Restuccia D, Rosso T, De
Armas L, Maiese T, Fiaschi A, Tonali P, Tinazzi M. Short-term plastic
changes of the human nociceptive system following acute pain induced by
capsaicin. Clin Neurophysiol 114: 1879–1890, 2003.

Valls-Sole J, Castellote JM, Kofler M, Casanova-Molla J, Kumru H,
Schestatsky P. Awareness of temperature and pain sensation. J Pain 13:
620–627, 2012.

Viola FC, Thorne J, Edmonds B, Schneider T, Eichele T, Debener S.
Semi-automatic identification of independent components representing EEG
artifact. Clin Neurophysiol 120: 868–877, 2009.

Woolf CJ, King AE. Dynamic alterations in the cutaneous mechanoreceptive
fields of dorsal horn neurons in the rat spinal cord. J Neurosci 10: 2717–
2726, 1990.

Worley A, Fabrizi L, Boyd S, Slater R. Multi-modal pain measurements in
infants. J Neurosci Methods 205: 252–257, 2012.

Yamauchi N, Fujitani Y, Oikawa T. Somatosensory evoked potentials
elicited by mechanical and electrical stimulation of each single pain or
tactile spot of the skin. Tohoku J Exp Med 133: 81–92, 1981.

Zhang ZG, Hu L, Hung YS, Mouraux A, Iannetti GD. Gamma-band
oscillations in the primary somatosensory cortex—a direct and obligatory
correlate of subjective pain intensity. J Neurosci 32: 7429–7438, 2012.

2403CORTICAL ACTIVITY EVOKED BY TISSUE DAMAGE

J Neurophysiol • doi:10.1152/jn.00990.2012 • www.jn.org

on A
ugust 15, 2014

D
ow

nloaded from
 


