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Small-fiber evoked potentials can assess nociceptive pathways.
A flat tip mechanical stimulator can elicit reliable pinprick-evoked potentials.
Cool-evoked potentials can assess non-nociceptive pathways for cooling.
New methods are useful to document sensitization of the nociceptive system.
Small-fiber evoked potentials may be useful in the diagnosis of neuropathic pain.
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a b s t r a c t

Background and purpose: Conventional neurophysiological techniques do not assess the function of
nociceptive pathways and are inadequate to detect abnormalities in patients with small-fiber damage.
This overview aims to give an update on the methods and techniques used to assess small fiber (A�- and
C-fibers) function using evoked potentials in research and clinical settings.
Methods: Noxious radiant or contact heat allows the recording of heat-evoked brain potentials commonly
referred to as laser evoked potentials (LEPs) and contact heat-evoked potentials (CHEPs). Both methods
reliably assess the loss of A�-fiber function by means of reduced amplitude and increased latency of late
responses, whereas other methods have been developed to record ultra-late C-fiber-related potentials.
Methodological considerations with the use of LEPs and CHEPs include fixed versus variable stimulation
site, application pressure, and attentional factors. While the amplitude of LEPs and CHEPs often correlates
with the reported intensity of the stimulation, these factors may also be dissociated. It is suggested that
the magnitude of the response may be related to the saliency of the noxious stimulus (the ability of the
stimulus to stand out from the background) rather than the pain perception.
Results: LEPs and CHEPs are increasingly used as objective laboratory tests to assess the pathways mediat-
ing thermal pain, but new methods have recently been developed to evaluate other small-fiber pathways.
Pain-related electrically evoked potentials with a low-intensity electrical simulation have been proposed
as an alternative method to selectively activate A�-nociceptors. A new technique using a flat tip mechan-
ical stimulator has been shown to elicit brain potentials following activation of Type I A mechano-heat
(AMH) fibers. These pinprick-evoked potentials (PEP) have a morphology resembling those of heat-
evoked potentials following activation of Type II AMH fibers, but with a shorter latency. Cool-evoked
potentials can be used for recording the non-nociceptive pathways for cooling. At present, the use of
cool-evoked potentials is still in the experimental state. Contact thermodes designed to generate steep
heat ramps may be programmed differently to generate cool ramps from a baseline of 35 ◦C down to
32 ◦C or 30 ◦C. Small-fiber evoked potentials are valuable tools for assessment of small-fiber function in
sensory neuropathy, central nervous system lesion, and for the diagnosis of neuropathic pain. Recent

studies suggest that both CHEPs and pinprick-evoked potentials may also be convenient tools to assess
sensitization of the nociceptiv
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Implications: Future studies a

© 2013 Scandinavian Assoc

DOI of refers to article: http://dx.doi.org/10.1016/j.sjpain.2014.01.005.
Abbreviations: AMH, A�-mechano-heat receptor; CHEP, contact heat-evoked potentia

scillation; ISI, interstimulus interval; LEP, laser evoked potential; PEP, pinprick-evoked p
∗ Corresponding author at: Danish Pain Research Center, Aarhus University Hospital, N

ax: +45 78463269.
E-mail address: caspar.madsen@ki.au.dk (C.S. Madsen).

877-8860/$ – see front matter © 2013 Scandinavian Association for the Study of Pain. Pu
ttp://dx.doi.org/10.1016/j.sjpain.2013.11.007
e system.

s, small-fiber evoked potentials may also be used in studies that aim to
including different neuropathic pain phenotypes, such as cold- or touch-
ify predictors of response to pharmacological pain treatment.
re needed for some of the newly developed methods.
iation for the Study of Pain. Published by Elsevier B.V. All rights reserved.

l; CMH, C-mechano-heat receptor; EEG, electroencephalogram; GBO, gamma band
otentials; SEP, somatosensory evoked potential; SNR, signal-to-noise ratio.
oerrebrogade 44, Building 1A, DK-8000 Aarhus C, Denmark. Tel.: +45 78463455;

blished by Elsevier B.V. All rights reserved.

dx.doi.org/10.1016/j.sjpain.2013.11.007
http://www.sciencedirect.com/science/journal/18778860
www.ScandinavianJournalPain.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sjpain.2013.11.007&domain=pdf
http://dx.doi.org/10.1016/j.sjpain.2014.01.005
mailto:caspar.madsen@ki.au.dk
dx.doi.org/10.1016/j.sjpain.2013.11.007


1

C

1

p
H
n
p
n
s
S
s
a
d
t
a
fi
s
p
b
u
p
f
p
o
s
fi
t
s
t
u
t
w
p
d
f

2

o
l
r
o
t
o
s

12 C.S. Madsen et al. / Scandinavian Journal of Pain 5 (2014) 111–118

ontents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
2. Small-fiber evoked potentials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
3. Peripheral A�- and C-fibers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
4. Thermal nociceptive stimuli and heat-evoked potentials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

4.1. A�-fiber-related late responses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
4.2. C-fiber-related ultralate responses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
4.3. Comparisons of LEPs and CHEPs – general concepts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
4.4. LEPs and CHEPs – methodological considerations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

5. Electrically evoked potentials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
6. Pinprick-evoked potentials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
7. Contact cool-evoked potentials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
8. Modulating effects of small-fiber evoked potentials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
9. Novel analysis techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
10. Clinical implications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
11. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

Conflict of interest . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

. Introduction

Peripheral neuropathy represents an increasing healthcare
roblem worldwide. It includes neuropathy due to, e.g., diabetes,
IV, and chemotherapy. In patients with small-fiber neuropathy,
europathic pain is a common and disabling feature. Neuro-
athic pain is characterized by pain in the territory of the injured
erve(s) and abnormal sensory function with negative (e.g.,
ensory loss) and/or positive (e.g., hypersensitivity) signs [1,2].
tandard neurophysiological testing such as nerve conduction
tudies and somatosensory evoked potentials (SEPs) are useful to
ssess somatosensory large fibers and the dorsal columns and to
emonstrate fiber damage along these pathways. However, these
echniques do not assess the function of the nociceptive pathways
nd are inadequate to detect abnormalities in patients with small-
ber damage that is related to neuropathic pain [3]. Quantitative
ensory testing with assessment of cold and warm detection and
ain thresholds, quantification of sudomotor activity, and skin
iopsy with intraepidermal nerve fiber density estimation are
sed to diagnose small-fiber neuropathy. In addition, evoked
otentials related to pain and small fibers serve as a non-invasive
unctional method to assess the nociceptive system. Neuropathic
ain is also a common complication of other lesions and diseases
f the somatosensory nervous system, e.g., peripheral nerve injury,
troke, and spinal cord injury, in which assessment of the small
bers and the spinothalamic tract is important. This overview aims
o give an update on the methods and techniques used to assess
mall-fiber function using evoked potentials. First, we will outline
he well-established methodologies of heat-evoked potentials
sed in research and clinical settings including laser evoked poten-
ials (LEPs) and contact-heat evoked potentials (CHEPs). Second,
e will describe new methods like mechanically and cold-evoked
otentials to assess small fibers. Finally, we will address newly
eveloped techniques and recommendations that may be used in
uture studies.

. Small-fiber evoked potentials

Evoked brain potentials appear as transient changes in the
ngoing electroencephalogram (EEG). These changes are time
ocked to a sensory event, such as a nociceptive heat stimulus, and
eflect increased synchronized postsynaptic activity in populations

stimuli, while it should preserve evoked activity, which is assumed
constant and unaffected by averaging procedures. Evoked
potentials consist of a series of voltage polarity changes and
appear as peaks or deflections in the average waveform reflect-
ing neural activity arising from several temporally overlapping
sources. They are classified according to their relative timing to the
stimulus onset (latency), their polarity (negative and positive), and
their magnitude (amplitude). Evoked potentials exhibit high tem-
poral resolution and are thus suitable to detect and characterize
neuronal processes.

3. Peripheral A�- and C-fibers

Brief noxious stimuli activate A�- and C-nociceptors. These dis-
tinct fiber classes can be differentiated by conduction velocity [4],
heat thresholds [5,6], and distribution density [7]. C-fibers exhibit a
slow conduction velocity in the range of 0.5–2.5 m/s [4,6] compared
to the faster conducting A�-fibers (4–30 m/s) [8,9]. Due to these
differences, the A�-input will reach the central projections earlier
than the C-fiber-derived input. The perceived sensation following
activation of A�-fibers is of a pricking, sharp, and stinging charac-
ter and termed “first pain”, while that associated with C-fibers is of
a burning and diffuse character and termed “second pain” due to
its delayed occurrence compared to the A�-fiber response [10–13].
The A�-fibers or mechano-heat A-fibers (AMHs) can be subdivided
into two distinct populations [5,14]: Type I AMHs are responsive
only to intense long-duration heat stimuli (>53 ◦C), but are excited
more easily by mechanical stimuli, exhibit high conduction veloci-
ties, and thus are involved in the first pain sensation to mechanical
stimuli. Type II AMHs are responsive to short low-threshold heat
stimuli (approximately 46–47 ◦C) and exhibit slower conduction
velocities and may be involved in first pain to heat [14–17]. Fur-
thermore, Ringkamp et al. (2001) showed that Type II AMHs are
sensitive to capsaicin in contrast to Type I AMHs [16]. C-fibers or
mechano-heat C-fibers (CMHs) respond to heat stimuli in a way
similar to that of Type II AMHs [5] and are sensitive to capsaicin
[18–20]. Distinct from the CMH nociceptors, there is a population
of C-warm fibers with a slightly lower heat threshold and a lower
distribution density in the skin [4,21,22].

4. Thermal nociceptive stimuli and heat-evoked potentials
f cortical neurons. Due to the small amplitude, the detection of
hese responses relies on across-trial averaging procedures. The
ngoing EEG activity that is unrelated or not time locked to the
timulus onset should ideally be cancelled out when repeating the
The synchronous and concomitant activation of A�- and C-
nociceptors using either contact or radiant heat allows the
recording of heat-evoked brain potentials. LEPs are currently con-
sidered to be the best tool for assessing nociceptive pathways in
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ealthy subjects. The black trace shows the main N2–P2 response from the vertex
osition (Cz–A2), and the light-grey trace shows the N1 response recorded from a
entral–frontal montage (C4–Fz). Arrows indicate N1, N2, and P2 peaks. Asterisks
ndicate CHEP stimulation artefacts.

atients with neuropathic pain [3,23] and have been used to study
ociceptive processing for decades [17]. Several types of lasers are
vailable, but in most studies, the CO2-laser, which was the first
ype used in the context of pain-related evoked potentials [24],
as been used [25]. With a wavelength of 10.6 �m, the energy of
he CO2-laser is absorbed in the most superficial layers of the skin
here the somatosensory nociceptors are located. The solid-state

asers, such as the Thulium or Neodymium lasers use a shorter
avelength (1–2 �m), resulting in steeper heat ramps and thus
more synchronized activation [26]. The deeper skin penetration
ay also be advantageous in order to reduce skin burns related to

aser stimulation, which is more commonly seen with CO2-lasers
27]. Lasers exhibit the advantage of very fast temperature rise
imes (>1000 ◦C) to produce highly synchronous and direct activa-
ion of cutaneous nociceptors. See [28,29] for a review of different
ypes of lasers and their utilities.

CHEPs have been introduced more recently as a reliable method
o study nociceptive pathways [30,31], and the method is now
idely used in both clinical and basic research. Contact heat has the

dvantage of stimulating a large cutaneous area, thereby activating
large amount of nociceptors [32]. In addition, contact heat stim-
li can be precisely controlled [28], have temperature rise times
nominally 70 ◦C/s) sufficient to elicit evoked potentials [15,31,32],
nd they require fewer safety precautions than laser stimulation
e.g., approved room, no safety goggles) [33]. For review of the use
f CHEPs in basic science and clinical use, see [34].

.1. Aı-fiber-related late responses

LEPs and CHEPs comprise a number of waves that are time
ocked to the stimulus onset. The most prominent component
onsists of a large biphasic negative–positive complex (N2–P2)
aximal at the vertex. This response, occurring subsequent to

aser stimuli at approximately 236 ms (N2) and 315 ms (P2) when

timulating the dorsal hand [25] and following contact heat approx-
mately 100 ms later, is referred to as the late response (Fig. 1).
umerous studies have demonstrated that the late response is

elated to A�-fiber activity [35–39]. The main N2–P2 complex is
rnal of Pain 5 (2014) 111–118 113

preceded by a smaller negative wave (N1) with a latency of approx-
imately 170 ms (following laser stimuli to the dorsal hand) [38] that
overlaps in time and space with the N2 component and is described
to have a distribution that is maximal over the temporal area con-
tralateral to the site of stimulation [40]. Recently, Hu et al. (2010)
proposed that the N1 is better recorded at the central–frontal area
[41]. Due to the small amplitude of the N1 response, the clinical util-
ity is limited [42]. The P2 component displays a central and wide
distribution at the vertex similar to the N2 component, which in
addition also extends bilaterally from the vertex [38].

In most studies of CHEPs and LEPs, a limited number of elec-
trodes are applied to the scalp in order to record responses to
noxious stimuli. Source analysis methods (dipolar modelling) have
been used to gain information about the underlying generators. In
short, multi-channel (20–128 electrodes) EEG recordings are used
to estimate localization and activity of the sources of the scalp
responses [32,43]. It has convincingly been shown that the sec-
ondary somatosensory cortex (SII) and the insular and the anterior
cingulate cortical areas are major contributors to the late response
[43–45]. The anterior cingulate cortex (ACC) has been described as
a significant source to the late responses, especially the P2 com-
ponent [43]. Whether the primary sensory cortex (SI) contributes
to the late response remains unclear. Most studies have found the
SI to be unrelated to CHEP and LEP responses [32,44–47], whereas
others also suggest an SI activation [48,49].

4.2. C-fiber-related ultralate responses

Despite the concomitant activation of A�- and C-fibers from
noxious stimuli and despite the fact that the subjects report
the perception of both A�-fiber-related first pain and delayed
C-fiber-related second pain, only evoked potentials with laten-
cies compatible with A�-fibers are recorded [50,51]. Bromm et al.
(1983) showed, as the first group, that ultralate responses with
a latency of approximately 1260 ms could be recorded by sup-
pressing the A�-fiber activity using a preferential block of the
superficial radial nerve [52], and this finding has been repeated
more recently [53–55]. Other experimental techniques have been
reported to activate C-fibers selectively (see [29] for review). These
techniques include (1) a stimulus intensity below the A�-fiber
threshold (between 40 and 46 ◦C) so that the skin temperature
only reaches the threshold of C-nociceptors and C-warm fibers
[6,22,56,57] and (2) narrowing the stimulation area yielding selec-
tive C-fiber activation [58–60] because C-fibers have a higher
skin density distribution than A�-fibers [7]. Pathological condi-
tions exist with the loss of A�-fibers and hence the loss of the
late response [61]. Lankers et al. (1991) demonstrated ultralate
responses in a patient with heredity motor and sensory neuropa-
thy Type 1 affecting myelinated fibers with preservation of C-fibers
[62].

Less is known about CHEPs related to C-fibers. Granovsky et al.
(2005) reported that heat stimuli at low intensity (41 ◦C) evoked
a warm sensation and C-fiber-related CHEPs [63]. However, this
finding could not be replicated [64], thus questioning the utility of
CHEPs to demonstrate C-fiber-related responses. In a recent study,
it was demonstrated that ultralate C-fiber-related CHEPs could be
recorded following an A-fiber blockade in 6 out of 21 healthy sub-
jects increasing to 13 out of 22 subjects when the blockade was
combined with capsaicin [55].

LEP ultralate responses have been reported with a latency
of approximately 700–1150 ms [5,6,52,54,58,65], although longer
latencies (1000–1500 ms) have also been described [59]. This is

compatible with results using CHEPs where ultralate responses
with latencies >800 ms were identified [55]. Interestingly, after
blockade of A�-fibers, responses with latencies in the range
between the latencies of A�- and C-fibers were recorded, suggesting
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elease of A�-fibers with slower conduction velocity than normally
ecorded with CHEPs after blockade of faster conducting fibers [55].

The morphology of ultralate responses resembles that of the late
esponse [6,39] with similar scalp distributions [47,60]. In addition,
ource analysis studies have shown that similar dipole configu-
ations could produce both late and ultralate responses [22,66].
herefore, it is likely that late and ultra-late responses share com-
on generators. It has been suggested that due to a refractory

eriod of these generators following A�-input, the later arriving
-fiber input does not elicit an ultralate response due to the gen-
rators being in a state of transient refractory and a first come,
rst served effect [51,67]. However, Mouraux et al. (2004) ques-
ioned this hypothesis and demonstrated that the second of two
onsecutive stimuli could elicit a response unaffected by the pro-
osed refractory period [68]. Thus, this hypothesis may not solely
xplain why ultralate responses are only visible without concomi-
ant A�-fiber activity. Other hypotheses have been discussed. First,
t has been proposed that the C-fiber afferent volley may be inhib-
ted by the preceding A�-fiber volley at the spinal level [69]. This

ay conflict with the sensation of first and second pain following
noxious heat stimulus [68]. Second, it has been proposed that the

arge latency jitter due the variable conduction velocities associ-
ted with C-fibers [8] may result in insufficient synchronization to
licit C-fiber related responses [39]. In summary, C-fibers elicit reli-
ble ultralate responses only when A�-fiber activation is avoided
r when the preceding afferent volley, i.e., the A�-fiber volley, is
locked, but the reason for this is still not fully understood.

.3. Comparisons of LEPs and CHEPs – general concepts

Although there seems to be a general agreement that both of
hese methods are suitable for activating nociceptive pathways
nd the scalp topographies of CHEPs and LEPs are very simi-
ar, suggesting that the same cerebral dipoles are activated [32],
ome important differences should be considered when compar-
ng the results obtained with the two different methods. The heat
amp of the stimulus (time from baseline to peak temperature)
sing the contact heat evoked potential stimulator is in the order
f 200–250 ms [15,26,30,64]. Therefore, contact heat results in a
lower increase of the skin temperature and hence a slower heat
ransmission from the skin surface to the nociceptive nerve end-
ngs than radiant heat stimuli. This may explain why CHEP latencies
re generally longer compared to latencies obtained by laser stim-
lation [15,32,64,70], although CHEP latencies within the normal
ange of those of LEPs [25] have also been reported [63]. In accor-
ance with this notion, Iannetti et al. (2004) showed that a laser
timulus of shorter duration and a steeper heat ramp caused a
hortening of latency [71]. One disadvantage of the CHEPS is that
he thermode is in direct contact with the skin, with the possibil-
ty of concomitant activation of low threshold mechano-sensitive
bers, which may modulate the spinal transmission of nociceptive

nformation [29,72]. However, Valeriani et al. (2002) showed that
nly nociceptive inputs are involved in the heat-evoked potentials
rom contact heat [32]. In addition, the rigid and planar surface of
he thermode may limit their usability at some cutaneous areas.

.4. LEPs and CHEPs – methodological considerations

Due to the risk of burn injuries, laser stimuli cannot be applied
o the same spot twice. Regarding safety precautions, laser stim-
lation requires safety goggles to protect the cornea of both the
xaminer and the patient. Since more than 100 papers have been

ublished using LEPs [25], guidelines are available for its use and
ormal values have been published [25]. In this regard, only limited
ormative data on CHEP variables are available, and a recent study
howed a systematic shift in CHEP amplitude and latency over a
rnal of Pain 5 (2014) 111–118

6-month interval in 60 healthy subjects [73]. Recently, method-
ological papers have been published concerning the use of CHEPs.
Variations in the thermode application pressure have been shown
not to influence the N2 latency, amplitude, or the heat pain thresh-
old [74]. A habituation effect in terms of reduced amplitudes has
been shown using a fixed thermode position due to receptor fatigue
[75,76], and it is recommended to vary the thermode position fol-
lowing each stimulus [34]. In a recent study, no reproducible CHEPs
could be identified in two out of 22 healthy subjects using a fixed
thermode position, most likely due to repeated stimulation of the
same skin area [77], although these issues were not encountered
in other comparable studies [15,63]. In general, a peak tempera-
ture of approximately 51 ◦C is used. This temperature is regarded
as safe and should not induce superficial skin burns. In most stud-
ies, a baseline temperature of 32–35 ◦C has been preferred, but in
two recent publications, the effect of increasing the baseline tem-
perature has been evaluated [78,79]. By increasing the baseline to
42–45 ◦C, Kramer et al. (2012) showed that both the CHEP ampli-
tude and the heat pain intensity were increased, most likely due to a
more synchronized response caused by the shortening of the stimu-
lus or shorter heat ramp [78,79]. In addition, the increase in baseline
temperature also improved the sensitivity of CHEPs in patients with
spinal cord injury (SCI) [79]. The same group could demonstrate
an improved N1 response by increasing the baseline temperature
without inducing more pain [79]. The N1 response has been sug-
gested to be more directly related to the nociceptive input [41,80].
The low signal-to-noise (SNR) can be improved by performing
advanced signal processing and single-trials analysis [41,79] which
may improve the clinical utility of the N1 response (see Section 9).

5. Electrically evoked potentials

Despite the usefulness and feasibility of contact and radiant heat
as tools to induce pain and the recording of heat-evoked potentials,
both methods have their limitations as pointed out in Section 4. Epi-
dermal electrical stimulation has been proposed as an alternative
method to selectively activate A�-nociceptors [34,81,82]. With this
technique, Mouraux et al. (2010) could demonstrate that with low-
intensity stimulation, i.e., below twice the perceptual threshold,
reliable brain potentials, the so-called electrically evoked pain-
related somatosensory evoked potentials [34] could be recorded in
healthy subjects [81]. Importantly, the epidermal stimulation was
only nociceptive-selective at low stimulus intensities, since activa-
tion of non-nociceptive A�-fibers was evident at higher intensities
[81]. This technique may serve as an alternative tool to assess noci-
ceptive pathways in future studies. See [34] for comparisons of
thresholds and stimulation intensities of different electrodes used
for activation of nociceptive fibers.

6. Pinprick-evoked potentials

Mechanical stimuli excite a mixture of non-nociceptive A�-
fibers and nociceptive A�-fibers. Although this dual activation
exists, a new technique using a flat tip mechanical stimulator has
recently been shown to elicit brain potentials following activation
of Type I AMH fibers (responsive to noxious mechanical stim-
uli) [83]. In healthy subjects, pinprick-evoked potentials (PEPs)
were reliably recorded from the vertex position with a morphology
resembling those of heat-evoked potentials following activation of
Type II AMHs. With a shorter latency (N: approximately 100 ms)
this could be compatible with a conduction velocity of the fast

Type I AMH nociceptors. Due to the increase in the N-amplitude
following capsaicin sensitization, this suggests that PEPs may be
useful to assess experimental mechanical hyperalgesia. In a patient
with a selective lesion of the spinothalamic tract and unilateral
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eficit of thermoreception and nociception, both PEPs and LEPs
ere reduced in amplitude at the same (affected) side, whereas

he SEP response was normal on both sides, suggesting the same
rojection pathway for both modalities (PEPs and LEPs) [83]. This
ecent finding suggests that PEPs could add useful and relevant
nformation and serve as a complementary tool to LEPs and CHEPs
n both experimental and clinical settings.

. Contact cool-evoked potentials

Whereas LEPs and CHEPs have been used as objective laboratory
est to assess the pathways mediating thermal pain, no such test
xists for the non-nociceptive pathways for cooling. This sensory
odality is conveyed by A�- and C-fibers [84]. The sensitivity to

ynamic stimuli (cooling with 1 ◦C/s) is high; differences of about
◦C can be reliably detected in the face and on the hands in healthy

ubjects [85]. Neurophysiologic testing of the cold pathway may
e useful, since changes in cool detection and/or the presence of
old allodynia are early and relatively frequent signs in low back
ain and neuropathic pain [86,87]. In some cases, perhaps even
ore important, is the simple advantage over heat pain that cool

timulation typically does not evoke any pain, while this type of
timulation is still a test for small-fiber function.

At present, the use of cool-evoked potentials is still in the exper-
mental state. A major obstacle to test this sort of stimulation in

larger number of subjects or patients is the lack of commer-
ially available reliable devices that meet the technical demands
o produce constant cool temperature ramps over a wider tem-
erature range. Previous studies have used custom-made devices
nd recorded biphasic brain responses with latencies of about
00–300 ms (negativity) and 400–550 ms (positivity) [88]. For the
ime being, contact thermodes designed to generate steep heat
amps may be programmed differently to generate cool ramps.
ecent attempts included cool ramps from a baseline of 35 ◦C down
o 32 ◦C or to 30 ◦C, which yielded cool-evoked potentials with the
iphasic vertex potential, coding the intensity when different tem-
erature steps (1.5, 3.0, 5.0 ◦C) were applied [89]. The EEG recording
etup is the same as for LEPs and CHEPs with the N1 component vis-
ble at contralateral temporal leads (frontal reference) and the main
esponse at Cz (ear or mastoid reference). Future studies are needed
o evaluate whether cool evoked potentials are useful to docu-

ent functional impairment of small fibers or central projection
athways in patients.

. Modulating effects of small-fiber evoked potentials

CHEP and LEP responses are modulated by attentional and cog-
itive effects [9,39,40,90,91]. It has been suggested that the early N1
esponse is not affected by attentional focus [40], although a mod-
lating effect on the N1 response in addition to the N2 response
as also been reported [92,93].

Sensitizing agents, such as capsaicin (the pungent ingredient
n hot chili peppers), has been widely used in human experi-

ental pain models [94]. Acute topical capsaicin application is
nown to induce primary hyperalgesia to heat due to activation of
ransient receptor potential vanilloid (TRPV1) receptors expressed
y nociceptors on A�- and C-fibers [16,19,95–98]. Allodynia and
yperalgesia to heat and mechanical stimuli and hypoesthesia
o cold develop in the primary area, whereas only allodynia and
yperalgesia to mechanical stimuli develop in the surrounding
econdary area [19,99–102], although heat hyperalgesia in the sec-

ndary area has also been suggested [103]. In agreement with the
linical expression of heat allodynia, acute application of topical
apsaicin has been shown to reduce late CHEP latencies and to
ncrease contact heat-evoked pain compatible with sensitization of
rnal of Pain 5 (2014) 111–118 115

A�-fibers [77]. Ultralate CHEPs consistent with C-fiber sensitization
have also been recorded in a subset of healthy subjects follow-
ing capsaicin application both without and with A�-fiber blockade
[55]. In contrast, a recent CHEP study by Roberts et al. (2011) did
not find any significant changes in latencies or amplitudes fol-
lowing acute capsaicin application [104]. In LEP studies, topical
capsaicin at doses that produced clinical signs of sensitization with
heat hyperalgesia and allodynia either did not change or reduced
laser-evoked pain with reduced LEP amplitudes in some studies
[56,105–108], while no change or delay in LEP latencies have also
been reported [105–107]. The reasons for the differential effect of
capsaicin on LEPs and CHEPs are at present largely unknown, but
may be due to the different time courses of sensitization and desen-
sitization following acute application of the substance and variable
timing of testing procedures. Prolonged topical application of low-
concentration capsaicin has been shown to reduce epidermal nerve
fibers and expectedly attenuate heat pain sensitivity [109] and LEPs
[81,95,110].

In a recent study examining pinprick-evoked potentials (PEPs),
an increase in N-amplitude was found following capsaicin sen-
sitization, suggesting that PEPs may a convenient tool to assess
experimental mechanical hyperalgesia [83].

9. Novel analysis techniques

So far, this review has focused on the typical recording and
analyzing approach, i.e., across-trial averaging of a relatively large
number of trials in the time domain. As described in Section 2,
the background noise should ideally cancel out during the aver-
aging process and only the response synchronized to the stimulus
should be preserved. Traditionally, the analysis has been carried
out using visual inspection of the LEP and CHEP responses (N1,
N2, P2 peak amplitudes and latencies). Although this method is
standard and has been widely used for decades, this approach suf-
fers from some limitations and drawbacks. First, in cases where no
apparent peaks can be identified visually in averaged waveform,
due to low SNR or where the response is attenuated, the ampli-
tudes and latencies may be regarded as missing values or given an
arbitrary zero value [41,110,111]. In situations with questionable
detectability, the assignment of an amplitude as zero value may
overestimate a deficit in clinical studies, or in case of experimental
modulation, overestimate a given effect. This would systemati-
cally result in an apparently increased sensitivity, but reduced
specificity. Second, visual inspection in principle, with or without
discarding “missing responses” induces a bias related to the sub-
jective choice of the signal by the observer. This problem can be
avoided by application of automated single trial analyses, where an
algorithm tailored for the expected responses with respect to, e.g.,
time window and shape of the response, automatically detects and
measures the evoked potential for each stimulus response [112].
The across-trial variability of the response by means of latency
and amplitude could be used as additional “jitter parameter” for
pathological changes under certain conditions like peripheral neu-
ropathies or central demyelinating disease. This information is
lost in the conventional approach. More recently, these single-trial
analysis methods have been refined by advanced noise subtrac-
tion based on wavelet filtering and multiple linear regression, to
increase the SNR of single-trials LEP and CHEP responses, espe-
cially the early N1 component, and to provide a more accurate
estimation of the single-trail CHEP and LEP parameters [41,79,112].
The sensitivity of this novel approach has recently been demon-
strated in patients with a dysfunction of the nociceptive system

[111], suggesting that this automated approach could reliably com-
plement the more conventional approach. However, more clinical
and experimental studies are needed in order to demonstrate the
effectiveness and additional clinical value of this novel approach. At



1 an Jou

p
n
i

g
w
[
w
a
[

i
H
n
o
r
s
p
n
l
p
b
a
s
i
i
t
L
n
s
t
b

1

d
f
w
t
u
i
s
h
c
p
t
f
t
S
s
f
p
t
m
n
p
i
p
t

1

t
t

16 C.S. Madsen et al. / Scandinavi

resent, a second important obstacle that seems to prevent these
ovel analysis methods from being implemented as standard clin-

cal procedures is the relatively time consuming procedure.
Many studies using both radiant and contact heat have sug-

ested that the amplitude of CHEP and LEP responses correlate
ell with the stimulus intensity and the perceived pain perception

31,37,40,64,76,113–115]. However, the amplitude of the late as
ell as ultra-late responses and the perceived pain perception have

lso been shown to be dissociated under certain circumstances
30,54,58].

With repeated laser stimulation with a constant interstimulus
nterval (ISI), a decrement of LEP amplitude is expected [116,117].
owever, with random and unpredictable ISI, the response mag-
itude is less affected by the preceding stimulus [68]. These
bservations suggest that the magnitude of the response may be
elated to the saliency of the noxious stimulus (the ability of the
timulus to stand out from the background) rather than the pain
erception [117,118]. Recently, it has been demonstrated that a
europhysiological phenomenon known as gamma band oscil-

ations (GBO) could predict the amount of the subjective pain
erception, which was not affected by saliency [119,120]. These
rief responses occur shortly following the nociceptive stimulus
t frequencies between 30 and 100 Hz, are not phase-locked like
tandard evoked potentials, and typically cancel each other out
n standard averaging procedures. Pain-related GBOs may be an
mportant tool in future studies, since they seem to be closer related
o the subjective perception of pain than the amplitude of standard
EP or CHEP. Open questions are whether they are truly specific for
ociception, and whether they mirror pain perception over time or
erve as a brief “label” for the initial nociceptive perception. Finally,
he reproducibility needs to be determined on single subject level
efore application to the clinical context.

0. Clinical implications

Small-fiber evoked potentials are a useful way to detect and
ocument conduction abnormalities of the nociceptive systems
rom the periphery to the cortex [42,121]. In particular, LEPs are
ell studied and accepted as a sensitive and reliable diagnostic

ool for assessing small-fiber function in sensory neuropathy, and
sually show a good correlation with heat-pain hypoesthesia and

ntraepidermal nerve fiber density [121]. The assessment of the
pinothalamic tract in CNS lesions is another application, and CHEPs
ave also been used to assess the dermatomal sensory function
orresponding to spinal cord segments in, e.g., spinal cord injured
atients [122,123]. The ability of the small-fiber evoked potentials
o identify lesions in the nociceptive system is also highly relevant
or the diagnosis of definite neuropathic pain, in which a diagnos-
ic test confirming a relevant lesion or disease is necessary [1].
mall-fiber evoked potentials may thus be useful in the diagno-
is of neuropathic pain, and LEPs have a level-A recommendation
or assessing the function of the A�-fiber subcortical pathways in
atients with neuropathic pain [23]. Small-fiber evoked poten-
ials have also been used in studies that aim to understand pain

echanisms (e.g., [124–127]) and to identify different pain phe-
otypes in the same underlying disease [127,128]. As an example,
artial preservation and desynchronization of LEPs are shown to

ncrease the probability of allodynia in patients with neuropathic
ain [125–127]. CHEPs have also proven useful to identify predic-
ors of response to pharmacological pain treatment [129].

1. Conclusions
With the recent developments of the various stimulation
echniques to assess small fibers, we now have the possibility
o objectively assess different sensory functions and document
rnal of Pain 5 (2014) 111–118

differential sensory loss. Recent methods, in particular CHEPs and
pinprick-evoked potentials, also seem to be able to document
sensitization in addition to decreased function of the nocicep-
tive system [34]. Therefore, the hope is that small-fiber evoked
potentials can be used to demonstrate pathophysiological mech-
anisms of different neuropathic pain phenotypes, such as cold- or
touch-evoked allodynia in addition to the conventional use. It is
also likely that we will see more studies related to the diagnosis,
pain phenotyping, and identification of predictive factors of the
response to pain treatment. Despite some limitations of the appli-
cability of the different methods for routine clinical use described
in this review, small-fiber evoked potentials have demonstrated to
be useful in addition to somatosensory evoked potentials for the
comprehensive assessment of the somatosensory nervous system.

Conflict of interest

No conflict of interest declared.

References

[1] Treede RD, Jensen TS, Campbell JN, Cruccu G, Dostrovsky JO, Griffin JW, Hans-
son P, Hughes R, Nurmikko T, Serra J. Neuropathic pain: redefinition a grading
system for clinical research purposes. Neurology 2008;70:1630–5.

[2] Jensen TS, Baron R, Haanpaa M, Kalso E, Loeser JD, Rice AS, Treede RD. A new
definition of neuropathic pain. Pain 2011;152:2204–5.

[3] Cruccu G, Anand P, Attal N, Garcia-Larrea L, Haanpaa M, Jorum E, Serra J,
Jensen TS. EFNS guidelines on neuropathic pain assessment. Eur J Neurol
2004;11:153–62.

[4] Opsommer E, Masquelier E, Plaghki L. Determination of nerve conduction
velocity of C-fibres in humans from thermal thresholds to contact heat
(thermode) and from evoked brain potentials to radiant heat (CO2 laser).
Neurophysiol Clin 1999;29:411–22.

[5] Treede RD, Meyer RA, Raja SN, Campbell JN. Evidence for two different heat
transduction mechanisms in nociceptive primary afferents innervating mon-
key skin. J Physiol 1995;483(Pt 3):747–58.

[6] Magerl W, Ali Z, Ellrich J, Meyer RA, Treede RD. C- and A delta-fiber com-
ponents of heat-evoked cerebral potentials in healthy human subjects. Pain
1999;82:127–37.

[7] Ochoa J, Mair WG. The normal sural nerve in man. I: Ultrastructure and num-
bers of fibres and cells. Acta Neuropathol 1969;13:197–216.

[8] Vallbo AB, Hagbarth KE, Torebjork HE, Wallin BG. Somatosensory, proprio-
ceptive, and sympathetic activity in human peripheral nerves. Physiol Rev
1979;59:919–57.

[9] Beydoun A, Morrow TJ, Shen JF, Casey KL. Variability of laser-evoked poten-
tials: attention, arousal and lateralized differences. Electroencephalogr Clin
Neurophysiol 1993;88:173–81.

[10] Price DD. Characteristics of second pain and flexion reflexes indicative of
prolonged central summation. Exp Neurol 1972;37:371–87.

[11] Julius D, Basbaum AI. Molecular mechanisms of nociception. Nature
2001;413:203–10.

[12] Ochoa J, Torebjork E. Sensations evoked by intraneural microstimulation of C
nociceptor fibres in human skin nerves. J Physiol 1989;415:583–99.

[13] Hashmi JA, Davis KD. Effect of static and dynamic heat pain stimulus profiles
on the temporal dynamics and interdependence of pain qualities, intensity,
and affect. J Neurophysiol 2008;100:1706–15.

[14] Treede RD, Meyer RA, Campbell JN. Myelinated mechanically insensitive
afferents from monkey hairy skin: heat-response properties. J Neurophysiol
1998;80:1082–93.

[15] Iannetti GD, Zambreanu L, Tracey I. Similar nociceptive afferents mediate
psychophysical and electrophysiological responses to heat stimulation of
glabrous and hairy skin in humans. J Physiol 2006;577:235–48.

[16] Ringkamp M, Peng YB, Wu G, Hartke TV, Campbell JN, Meyer RA. Capsaicin
responses in heat-sensitive and heat-insensitive A-fiber nociceptors. J Neu-
rosci 2001;21:4460–8.

[17] Bromm B, Lorenz J. Neurophysiological evaluation of pain. Electroencephalogr
Clin Neurophysiol 1998;107:227–53.

[18] LaMotte RH, Lundberg LE, Torebjork HE. Pain, hyperalgesia and activity in
nociceptive C units in humans after intradermal injection of capsaicin. J Phys-
iol 1992;448:749–64.

[19] Baumann TK, Simone DA, Shain CN, LaMotte RH. Neurogenic hyperalgesia: the
search for the primary cutaneous afferent fibers that contribute to capsaicin-
induced pain and hyperalgesia. J Neurophysiol 1991;66:212–27.

[20] Culp WJ, Ochoa J, Cline M, Dotson R. Heat and mechanical hyperalgesia

induced by capsaicin. Cross modality threshold modulation in human C noci-
ceptors. Brain 1989;112(Pt 5):1317–31.

[21] Tillman DB, Treede RD, Meyer RA, Campbell JN. Response of C fibre nociceptors
in the anaesthetized monkey to heat stimuli: estimates of receptor depth and
threshold. J Physiol 1995;485(Pt 3):753–65.



n Jou
C.S. Madsen et al. / Scandinavia

[22] Cruccu G, Pennisi E, Truini A, Iannetti GD, Romaniello A, Le Pera D, De Armas
L, Leandri M, Manfredi M, Valeriani M. Unmyelinated trigeminal pathways as
assessed by laser stimuli in humans. Brain 2003;126:2246–56.

[23] Haanpaa M, Attal N, Backonja M, Baron R, Bennett M, Bouhassira D, Cruccu G,
Hansson P, Haythornthwaite JA, Iannetti GD, Jensen TS, Kauppila T, Nurmikko
TJ, Rice AS, Rowbotham M, Serra J, Sommer C, Smith BH, Treede RD. NeuPSIG
guidelines on neuropathic pain assessment. Pain 2011;152:14–27.

[24] Carmon A, Mor J, Goldberg J. Evoked cerebral responses to noxious thermal
stimuli in humans. Exp Brain Res 1976;25:103–7.

[25] Truini A, Galeotti F, Romaniello A, Virtuoso M, Iannetti GD, Cruccu G.
Laser-evoked potentials: normative values. Clin Neurophysiol 2005;116:
821–6.

[26] Baumgartner U, Cruccu G, Iannetti GD, Treede RD. Laser guns and hot plates.
Pain 2005;116:1–3.

[27] Cruccu G, Truini A. Neuropathic pain and its assessment. Surg Oncol
2010;19:149–54.

[28] Arendt-Nielsen L, Chen AC. Lasers and other thermal stimulators for activation
of skin nociceptors in humans. Neurophysiol Clin 2003;33:259–68.

[29] Plaghki L, Mouraux A. How do we selectively activate skin nociceptors with
a high power infrared laser? Physiology and biophysics of laser stimulation.
Neurophysiol Clin 2003;33:269–77.

[30] Chen IA, Hung SW, Chen YH, Lim SN, Tsai YT, Hsiao CL, Hsieh HY, Wu
T. Contact heat evoked potentials in normal subjects. Acta Neurol Taiwan
2006;15:184–91.

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

[32] Valeriani M, Le Pera D, Niddam D, Chen AC, Arendt-Nielsen L. Dipolar mod-
elling of the scalp evoked potentials to painful contact heat stimulation of the
human skin. Neurosci Lett 2002;318:44–8.

[33] Wydenkeller S, Wirz R, Halder P. Spinothalamic tract conduction velocity esti-
mated using contact heat evoked potentials: what needs to be considered. Clin
Neurophysiol 2008;119:812–21.

[34] Baumgärtner U, Greffrath W, Treede RD. Contact heat and cold, mechani-
cal, electrical and chemical stimuli to elicit small fiber-evoked potentials:
merits and limitations for basic science and clinical use. Neurophysiol Clin
2012;42:267–80.

[35] Harkins SW, Davis MD, Bush FM, Kasberger J. Suppression of first pain and
slow temporal summation of second pain in relation to age. J Gerontol A: Biol
Sci Med Sci 1996;51:M260–5.

[36] Kenton B, Coger R, Crue B, Pinsky J, Friedman Y, Carmon A. Peripheral
fiber correlates to noxious thermal stimulation in humans. Neurosci Lett
1980;17:301–6.

[37] Carmon A, Dotan Y, Sarne Y. Correlation of subjective pain experience with
cerebral evoked responses to noxious thermal stimulations. Exp Brain Res
1978;33:445–53.

[38] Treede RD, Kief S, Holzer T, Bromm B. Late somatosensory evoked cerebral
potentials in response to cutaneous heat stimuli. Electroencephalogr Clin
Neurophysiol 1988;70:429–41.

[39] Bromm B, Treede RD. Human cerebral potentials evoked by CO2 laser stimuli
causing pain. Exp Brain Res 1987;67:153–62.

[40] Garcia-Larrea L, Peyron R, Laurent B, Mauguiere F. Association and disso-
ciation between laser-evoked potentials and pain perception. Neuroreport
1997;8:3785–9.

[41] 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 2010;50:99–111.

[42] Treede RD, Lorenz J, Baumgärtner U. Clinical usefulness of laser-evoked poten-
tials. Neurophysiol Clin 2003;33:303–14.

[43] Garcia-Larrea L, Frot M, Valeriani M. Brain generators of laser-evoked
potentials: from dipoles to functional significance. Neurophysiol Clin
2003;33:279–92.

[44] Tarkka IM, Treede RD. Equivalent electrical source analysis of pain-related
somatosensory evoked potentials elicited by a CO2 laser. J Clin Neurophysiol
1993;10:513–9.

[45] Bromm B, Chen AC. Brain electrical source analysis of laser evoked potentials
in response to painful trigeminal nerve stimulation. Electroencephalogr Clin
Neurophysiol 1995;95:14–26.

[46] Valeriani M, Rambaud L, Mauguiere F. Scalp topography and dipolar source
modelling of potentials evoked by CO2 laser stimulation of the hand. Elec-
troencephalogr Clin Neurophysiol 1996;100:343–53.

[47] Forss N, Raij TT, Seppa M, Hari R. Common cortical network for first and second
pain. Neuroimage 2005;24:132–42.

[48] Valentini E, Hu L, Chakrabarti B, Hu Y, Aglioti SM, Iannetti GD. The pri-
mary somatosensory cortex largely contributes to the early part of the
cortical response elicited by nociceptive stimuli. Neuroimage 2012;59:
1571–81.

[49] Ploner M, Schmitz F, Freund HJ, Schnitzler A. Differential organization of
touch and pain in human primary somatosensory cortex. J Neurophysiol
2000;83:1770–6.

[50] Cruccu G, Garcia-Larrea L. Clinical utility of pain—laser evoked potentials.

Suppl Clin Neurophysiol 2004;57:101–10.

[51] Garcia-Larrea L. Somatosensory volleys and cortical evoked potentials: ‘first
come, first served’? Pain 2004;112:5–7.

[52] Bromm B, Neitzel H, Tecklenburg A, Treede RD. Evoked cerebral potential
correlates of C-fibre activity in man. Neurosci Lett 1983;43:109–14.
rnal of Pain 5 (2014) 111–118 117

[53] Bromm B, Treede RD. Pain related cerebral potentials: late and ultralate com-
ponents. Int J Neurosci 1987;33:15–23.

[54] Nahra H, Plaghki L. The effects of A-fiber pressure block on perception and
neurophysiological correlates of brief non-painful and painful CO2 laser stim-
uli in humans. Eur J Pain 2003;7:189–99.

[55] Madsen CS, Johnsen B, Fuglsang-Frederiksen A, Jensen TS, Finnerup NB. The
effect of nerve compression and capsaicin on contact heat-evoked potentials
related to Adelta- and C-fibers. Neuroscience 2012;223:92–101.

[56] Valeriani M, Tinazzi M, Le Pera D, Restuccia D, De Armas L, Maiese T,
Tonali P, Arendt-Nielsen L. Inhibitory effect of capsaicin evoked trigeminal
pain on warmth sensation and warmth evoked potentials. Exp Brain Res
2005;160:29–37.

[57] Towell AD, Purves AM, Boyd SG. CO2 laser activation of nociceptive and
non-nociceptive thermal afferents from hairy and glabrous skin. Pain
1996;66:79–86.

[58] Bragard D, Chen AC, Plaghki L. Direct isolation of ultra-late (C-fibre) evoked
brain potentials by CO2 laser stimulation of tiny cutaneous surface areas in
man. Neurosci Lett 1996;209:81–4.

[59] Opsommer E, Guerit JM, Plaghki L. Exogenous and endogenous components
of ultralate (C-fibre) evoked potentials following CO2 laser stimuli to tiny skin
surface areas in healthy subjects. Neurophysiol Clin 2003;33:78–85.

[60] Opsommer E, Weiss T, Plaghki L, Miltner WH. Dipole analysis of ultralate
(C-fibres) evoked potentials after laser stimulation of tiny cutaneous surface
areas in humans. Neurosci Lett 2001;298:41–4.

[61] Kakigi R, Shibasaki H, Tanaka K, Ikeda T, Oda K, Endo C, Ikeda A, Neshige R,
Kuroda Y, Miyata K. CO2 laser-induced pain-related somatosensory evoked
potentials in peripheral neuropathies: correlation between electrophysiolog-
ical and histopathological findings. Muscle Nerve 1991;14:441–50.

[62] Lankers J, Frieling A, Kunze K, Bromm B. Ultralate cerebral potentials in a
patient with hereditary motor and sensory neuropathy type I indicate pre-
served C-fibre function. J Neurol Neurosurg Psychiatry 1991;54:650–2.

[63] Granovsky Y, Matre D, Sokolik A, Lorenz J, Casey KL. Thermoreceptive inner-
vation of human glabrous and hairy skin: a contact heat evoked potential
analysis. Pain 2005;115:238–47.

[64] Truini A, Galeotti F, Pennisi E, Casa F, Biasiotta A, Cruccu G. Trigeminal small-
fibre function assessed with contact heat evoked potentials in humans. Pain
2007;132:102–7.

[65] Mouraux A, Guerit JM, Plaghki L. Non-phase locked electroencephalogram
(EEG) responses to CO2 laser skin stimulations may reflect central interactions
between A partial differential- and C-fibre afferent volleys. Clin Neurophysiol
2003;114:710–22.

[66] Iannetti GD, Truini A, Romaniello A, Galeotti F, Rizzo C, Manfredi M, Cruccu
G. Evidence of a specific spinal pathway for the sense of warmth in humans.
J Neurophysiol 2003;89:562–70.

[67] 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
2007;131:341–7.

[68] Mouraux A, Guerit JM, Plaghki L. Refractoriness cannot explain why C-fiber
laser-evoked brain potentials are recorded only if concomitant Adelta-fiber
activation is avoided. Pain 2004;112:16–26.

[69] Arendt-Nielsen L. Second pain event related potentials to argon laser stimuli:
recording and quantification. J Neurol Neurosurg Psychiatry 1990;53:405–10.

[70] Itskovich VV, Fei DY, Harkins SW. Psychophysiological and psychophysical
responses to experimental pain induced by two types of cutaneous thermal
stimuli. Int J Neurosci 2000;105:63–75.

[71] 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
2004;115:2629–37.

[72] Nathan PW, Smith MC, Cook AW. Sensory effects in man of lesions of the
posterior columns and of some other afferent pathways. Brain 1986;109(Pt
5):1003–41.

[73] Ruscheweyh R, Emptmeyer K, Putzer D, Kropp P, Marziniak M. Reproducibil-
ity of contact heat evoked potentials (CHEPs) over a 6 months interval. Clin
Neurophysiol 2013;124:2242–7.

[74] Marmaras A, Wydenkeller S, Tobler M, Wirz R, Poulikakos D, Kurtcuoglu V.
Cutaneous heat transfer and its effect on contact heat evoked brain potentials.
Exp Heat Transfer 2012;25:341–62.

[75] Warbrick T, Derbyshire SW, Bagshaw AP. Optimizing the measurement of
contact heat evoked potentials. J Clin Neurophysiol 2009;26:117–22.

[76] Greffrath W, Baumgartner U, Treede RD. Peripheral and central components
of habituation of heat pain perception and evoked potentials in humans. Pain
2007;132:301–11.

[77] 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 Neurophysiol
2012;123:1429–36.

[78] Kramer JL, Haefeli J, Curt A, Steeves JD. Increased baseline temperature
improves the acquisition of contact heat evoked potentials after spinal cord
injury. Clin Neurophysiol 2012;123:582–9.
[79] Kramer JL, Haefeli J, Jutzeler CR, Steeves JD, Curt A. Improving the acqui-
sition of nociceptive evoked potentials without causing more pain. Pain
2013;154:235–41.

[80] Lee MC, Mouraux A, Iannetti GD. Characterizing the cortical activity through
which pain emerges from nociception. J Neurosci 2009;29:7909–16.



1 an Jou
18 C.S. Madsen et al. / Scandinavi

[81] Mouraux A, Iannetti GD, Plaghki L. Low intensity intra-epidermal
electrical stimulation can activate Adelta-nociceptors selectively. Pain
2010;150:199–207.

[82] Inui K, Tran TD, Hoshiyama M, Kakigi R. Preferential stimulation of Adelta
fibers by intra-epidermal needle electrode in humans. Pain 2002;96:247–52.

[83] Iannetti GD, Baumgärtner U, Tracey I, Treede RD, Magerl W. Pinprick-evoked
brain potentials (PEPs): a novel tool to assess central sensitisation of nocicep-
tive pathways in humans. J Neurophysiol 2013;110:1107–16.

[84] Iggo A. Cutaneous thermoreceptors in primates and sub-primates. J Physiol
1969;200:403–30.

[85] Magerl W, Krumova EK, Baron R, Tolle T, Treede RD, Maier C. Reference data for
quantitative sensory testing (QST): refined stratification for age and a novel
method for statistical comparison of group data. Pain 2010;151:598–605.

[86] Maier C, Baron R, Tolle TR, Binder A, Birbaumer N, Birklein F, Gierthmuhlen
J, Flor H, Geber C, Huge V, Krumova EK, Landwehrmeyer GB, Magerl W, Mai-
hofner C, Richter H, Rolke R, Scherens A, Schwarz A, Sommer C, Tronnier V,
Uceyler N, Valet M, Wasner G, Treede RD. Quantitative sensory testing in
the German Research Network on Neuropathic Pain (DFNS): somatosensory
abnormalities in 1236 patients with different neuropathic pain syndromes.
Pain 2010;150:439–50.

[87] Greenspan JD, Ohara S, Sarlani E, Lenz FA. Allodynia in patients with post-
stroke central pain (CPSP) studied by statistical quantitative sensory testing
within individuals. Pain 2004;109:357–66.

[88] Fruhstorfer H, Guth H, Pfaff U. Cortical responses evoked by thermal stimuli in
man. In: McCallum WC, Knott JR, editors. The responsive brain. Bristol: John
Wright and Sons Limited; 1976. p. 30–3.

[89] Greffrath W, Pfau DB, Tiede W, Baumgärtner U, Treede RD. Contact cool-
and heat-evoked potentials—CEPs and HEPs—a new method to examine
somatosensory pathways. In: Abstracts of the 13th world congress on pain.
2010. p. PM 026.

[90] Siedenberg R, Treede RD. Laser-evoked potentials: exogenous and endoge-
nous components. Electroencephalogr Clin Neurophysiol 1996;100:240–9.

[91] Zaslansky R, Sprecher E, Tenke CE, Hemli JA, Yarnitsky D. The P300 in pain
evoked potentials. Pain 1996;66:39–49.

[92] 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 2002;99:21–39.

[93] Schlereth T, Baumgartner U, Magerl W, Stoeter P, Treede RD. Left-hemisphere
dominance in early nociceptive processing in the human parasylvian cortex.
Neuroimage 2003;20:441–54.

[94] Klein T, Magerl W, Rolke R, Treede RD. Human surrogate models of neuro-
pathic pain. Pain 2005;115:227–33.

[95] Beydoun A, Dyke DB, Morrow TJ, Casey KL. Topical capsaicin selectively atten-
uates heat pain and A delta fiber-mediated laser-evoked potentials. Pain
1996;65:189–96.

[96] Koltzenburg M, Lundberg LE, Torebjork HE. Dynamic and static components
of mechanical hyperalgesia in human hairy skin. Pain 1992;51:207–19.

[97] Szolcsanyi J, Anton F, Reeh PW, Handwerker HO. Selective excitation by
capsaicin of mechano-heat sensitive nociceptors in rat skin. Brain Res
1988;446:262–8.

[98] Caterina MJ, Schumacher MA, Tominaga M, Rosen TA, Levine JD, Julius D. The
capsaicin receptor: a heat-activated ion channel in the pain pathway. Nature
1997;389:816–24.

[99] LaMotte RH, Shain CN, Simone DA, Tsai EF. Neurogenic hyperalge-
sia: psychophysical studies of underlying mechanisms. J Neurophysiol
1991;66:190–211.

[100] Kilo S, Schmelz M, Koltzenburg M, Handwerker HO. Different patterns of
hyperalgesia induced by experimental inflammation in human skin. Brain
1994;117(Pt 2):385–96.

[101] Treede RD, Meyer RA, Raja SN, Campbell JN. Peripheral and central mecha-
nisms of cutaneous hyperalgesia. Prog Neurobiol 1992;38:397–421.

[102] Callsen MG, Moller AT, Sorensen K, Jensen TS, Finnerup NB. Cold hyposen-
sitivity after topical application of capsaicin in humans. Exp Brain Res
2008;191:447–52.

[103] Arendt-Nielsen L, Andersen OK, Jensen TS. Brief, prolonged and repeated
stimuli applied to hyperalgesic skin areas: a psychophysical study. Brain Res
1996;712:165–7.

[104] Roberts K, Shenoy R, Anand P. A novel human volunteer pain model using
contact heat evoked potentials (CHEP) following topical skin application of

transient receptor potential agonists capsaicin, menthol and cinnamalde-
hyde. J Clin Neurosci 2011;18:926–32.

[105] 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 2005;384:150–5.
rnal of Pain 5 (2014) 111–118

[106] 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 2003;114:90–1879.

[107] de Tommaso M, Difruscolo O, Sardaro M, Libro G, Pecoraro C, Serpino C, Lam-
berti P, Livrea P. Effects of remote cutaneous pain on trigeminal laser-evoked
potentials in migraine patients. J Headache Pain 2007;8:167–74.

[108] Romaniello A, Arendt-Nielsen L, Cruccu G, Svensson P. Modulation of
trigeminal laser evoked potentials and laser silent periods by homotopical
experimental pain. Pain 2002;98:217–28.

[109] Nolano M, Simone DA, Wendelschafer-Crabb G, Johnson T, Hazen E, Kennedy
WR. Topical capsaicin in humans: parallel loss of epidermal nerve fibers and
pain sensation. Pain 1999;81:135–45.

[110] Rage M, Van Acker N, Facer P, Shenoy R, Knaapen MW, Timmers M, Streffer J,
Anand P, Meert T, Plaghki L. The time course of CO2 laser-evoked responses
and of skin nerve fibre markers after topical capsaicin in human volunteers.
Clin Neurophysiol 2010;121:66–1256.

[111] Hatem SM, Hu L, Rage M, Gierasimowicz A, Plaghki L, Bouhassira D, Attal N,
Iannetti GD, Mouraux A. Automated single-trial assessment of laser-evoked
potentials as an objective functional diagnostic tool for the nociceptive sys-
tem. Clin Neurophysiol 2012;123:45–2437.

[112] Mayhew SD, Iannetti GD, Woolrich MW, Wise RG. Automated single-
trial measurement of amplitude and latency of laser-evoked potentials
(LEPs) using multiple linear regression. Clin Neurophysiol 2006;117:
44–1331.

[113] Granovsky Y, Granot M, Nir RR, Yarnitsky D. Objective correlate of subjective
pain perception by contact heat-evoked potentials. J Pain 2008;9:53–63.

[114] Roberts K, Papadaki A, Goncalves C, Tighe M, Atherton D, Shenoy R, McRobbie
D, Anand P. Contact heat evoked potentials using simultaneous EEG and fMRI
and their correlation with evoked pain. BMC Anesthesiol 2008;8:8.

[115] Ohara S, Crone NE, Weiss N, Treede RD, Lenz FA. Amplitudes of laser evoked
potential recorded from primary somatosensory, parasylvian and medial
frontal cortex are graded with stimulus intensity. Pain 2004;110:318–28.

[116] Truini A, Rossi P, Galeotti F, Romaniello A, Virtuoso M, De Lena C, Leandri
M, Cruccu G. Excitability of the Adelta nociceptive pathways as assessed
by the recovery cycle of laser evoked potentials in humans. Exp Brain Res
2004;155:120–3.

[117] Iannetti GD, Hughes NP, Lee MC, Mouraux A. Determinants of laser-
evoked EEG responses: pain perception or stimulus saliency? J Neurophysiol
2008;100:815–28.

[118] Ronga I, Valentini E, Mouraux A, Iannetti GD. Novelty is not enough: laser-
evoked potentials are determined by stimulus saliency, not absolute novelty.
J Neurophysiol 2013;109:692–701.

[119] 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 2012;32:38–7429.

[120] Schulz E, Zherdin A, Tiemann L, Plant C, Ploner M. Decoding an individual’s
sensitivity to pain from the multivariate analysis of EEG data. Cereb Cortex
2012;22:23–1118.

[121] Valeriani M, Pazzaglia C, Cruccu G, Truini A. Clinical usefulness of laser evoked
potentials. Neurophysiol Clin 2012;42:345–53.

[122] Ulrich A, Haefeli J, Blum J, Min K, Curt A. Improved diagnosis of spinal cord
disorders with contact heat evoked potentials. Neurology 2013;80:9–1393.

[123] Haefeli JS, Blum J, Steeves JD, Kramer JL, Curt AE. Differences in spinothalamic
function of cervical and thoracic dermatomes: insights using contact heat
evoked potentials. J Clin Neurophysiol 2013;30:291–8.

[124] Kumru H, Soler D, Vidal J, Tormos JM, Pascual-Leone A, Valls-Sole J. Evoked
potentials and quantitative thermal testing in spinal cord injury patients with
chronic neuropathic pain. Clin Neurophysiol 2012;123:598–604.

[125] Garcia-Larrea L. Objective pain diagnostics: clinical neurophysiology. Neuro-
physiol Clin 2012;42:187–97.

[126] Truini A, Biasiotta A, La Cesa S, Di Stefano G, Galeotti F, Petrucci MT, Inghilleri
M, Cartoni C, Pergolini M, Cruccu G. Mechanisms of pain in distal symmet-
ric polyneuropathy: a combined clinical and neurophysiological study. Pain
2010;150:516–21.

[127] Hatem SM, Attal N, Ducreux D, Gautron M, Parker F, Plaghki L, Bouhas-
sira D. Clinical, functional and structural determinants of central pain in
syringomyelia. Brain 2010;133:22–3409.

[128] Truini A, Galeotti F, La Cesa S, Di Rezze S, Biasiotta A, Di Stefano G, Tinelli
E, Millefiorini E, Gatti A, Cruccu G. Mechanisms of pain in multiple scle-

rosis: a combined clinical and neurophysiological study. Pain 2012;153:
54–2048.

[129] Madsen CS, Johnsen B, Fuglsang-Frederiksen A, Jensen TS, Finnerup NB. Dif-
ferential effects of a 5% lidocaine medicated patch in peripheral nerve injury.
Muscle Nerve 2013;48:265–71.


	Assessment of small fibers using evoked potentials
	1 Introduction
	2 Small-fiber evoked potentials
	3 Peripheral Adelta- and C-fibers
	4 Thermal nociceptive stimuli and heat-evoked potentials
	4.1 Adelta-fiber-related late responses
	4.2 C-fiber-related ultralate responses
	4.3 Comparisons of LEPs and CHEPs - general concepts
	4.4 LEPs and CHEPs - methodological considerations

	5 Electrically evoked potentials
	6 Pinprick-evoked potentials
	7 Contact cool-evoked potentials
	8 Modulating effects of small-fiber evoked potentials
	9 Novel analysis techniques
	10 Clinical implications
	11 Conclusions
	Conflict of interest
	References


