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sensitization through skin nociceptors
Timothée Cayrola, Laurent Pitancea, Nathalie Rousselb, André Mourauxc, Emanuel N. van den Broekec,*

Abstract
Introduction: An increasing number of clinical studies involving a range of chronic pain conditions report widespread mechanical
pressure pain hypersensitivity, which is commonly interpreted as resulting from central sensitization (CS). Secondary hyperalgesia
(increased pinprick sensitivity surrounding the site of injury) is considered to be a manifestation of CS. However, it has not been
rigorously tested whether CS induced by peripheral nociceptive input involves widespread mechanical pressure pain
hypersensitivity.
Objectives: The aim of this study was to assess whether high-frequency electrical stimulation (HFS), which induces a robust
secondary hyperalgesia, also induces a widespread decrease of pressure pain thresholds (PPTs).
Methods: We measured PPTs bilaterally on the temples (temporalis muscles), on the legs (tibialis anterior muscles), and on the
ventral forearm (flexor carpi radialis muscles) before, 20 minutes after, and 45 minutes after applying HFS on the ventral forearm of
sixteen healthy young volunteers. To evaluate the presence of secondary hyperalgesia, mechanical pinprick sensitivity was
assessed on the skin surrounding the site where HFS was applied and also on the contralateral arm.
Results: HFS induced a significant increase in mechanical pinprick sensitivity on the HFS-treated arm. However, HFS did not
decrease PPTs neither in the area of increased pinprick sensitivity nor at more distant sites.
Conclusion: This study provides no evidence for the hypothesis that CS, induced after intense activation of skin nociceptors,
involves a widespread decrease of PPTs.

Keywords: High-frequency electrical stimulation, Central sensitization, Secondary hyperalgesia, Pressure pain thresholds

1. Introduction

An increasing number of clinical studies involving a wide range of
chronic pain conditions such as chronic low back pain,
temporomandibular joint disorders, and osteoarthritis report
widespread mechanical pain hypersensitivity, demonstrated by
reduced pressure pain thresholds (PPTs) at several body

regions.2,14 This widespread hypersensitivity is commonly
interpreted as resulting from central sensitization (CS).2,30,41

The taskforce for taxonomy of the International Association for
the Study of Pain (IASP) defines CS as: “increased responsive-
ness of nociceptive neurons in the central nervous system to their
normal or subthreshold input.”24 In a related note, the taskforce
also mentions that sensitization refers to “a neurophysiological

term that can only be applied when both input and output of the

neural system under study is known, eg, by controlling the

stimulus and measuring the neural event.”
According to Treede,33 secondary hyperalgesia15 induced by

intradermal capsaicin injection is currently the only example
where input and output of the system is known and the definition
of CS is fulfilled. Capsaicin activates nociceptors expressing the
TRPV-1 receptor. As a result, a large area of the skin surrounding
the capsaicin site becomesmore sensitive tomechanical pinprick
stimuli (ie, secondary mechanical pinprick hyperalgesia). A
previous study using intradermal capsaicin injection in primates
showed that pinprick stimuli delivered to the skin surrounding the
injection site elicited increased responses of both wide dynamic
range and high-threshold spinal nociceptive neurons.29 In
another study, performed by the same group, no evidence was
found for a peripheral sensitization of both mechano- and heat-
sensitive A-fiber nociceptors type I (AMH-I) and mechano- and
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Louvain, Brussels, Belgium, b Department of Rehabilitation Sciences and Physio-

therapy (MOVANT), Faculty ofMedicine andHealth Sciences, University of Antwerp,

Wilrijk, Belgium, c Institute of Neuroscience (IoNS), Université catholique de Louvain,
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heat-sensitive C-fiber nociceptors (CMH) after intradermal
capsaicin injection,4 suggesting that secondary pinprick
hyperalgesia in humans mainly results from an increased
responsiveness of spinal nociceptive neurons (CS).

Secondary pinprick hyperalgesia can also be induced after
high-frequency electrical stimulation of skin nociceptors.8,9,16,19

Indeed, HFS induces a pronounced increase in mechanical
pinprick sensitivity in a large area of the skin beyond the area at
which HFS was applied.

The attribution of widespread reduced PPTs to CS, while
frequently asserted in clinical research, has not been rigorously
tested experimentally. Therefore, the aim of this study was to use
HFS to induce secondary hyperalgesia and to assess whether it
leads to widespread mechanical pressure hyperalgesia.

2. Methods

2.1. Participants

Sixteenhealthy studentswere included in this experiment (9 females,
7 males; aged 21–23 years; 22.1 6 1.1 years [mean 6 SD]).
Exclusion criteria were: (1) experiencing a preexisting pain condition;
(2) self-reported medication (except contraceptives) consumption
and/or self-reported recreational drug use; (3) presenting any
medical conditions, including neurological and psychiatric diseases;
(4) participation to more than 6 hours per week of sport; and (5)
exhibiting sign of damage at or near the ventral forearm.

The experiment was conducted according to the Declaration of
Helsinki, and approval for the experiment was obtained from the
local ethical committee. All participants signed an informed consent
form and received financial compensation for their participation.
Participants were naive regarding the hypothesis of the study.

2.2. Design

During the experiment, participants were comfortably seated in
a chair with their arms resting on a table in front of them with
palms up. Pressure pain thresholds were evaluated 3 times:
before HFS (T0), 20 minutes after HFS (T1), and 45 minutes after
HFS (T2). Pressure pain thresholds were measured bilaterally: (1)
on the anterior portions of the temporalis muscle, 1 cm posterior
to the bony crest lateral to the eyebrow and 1 cm superior to the
zygomatic process of the temporal bone,1 (2) on the tibialis
anterior muscle, approximately 2.5 cm lateral and 5 cm inferior to
the tibial tubercle,39 and (3) on the flexor carpi radialis muscle,
inside the “test area” (Fig. 1A). The time points T1 and T2 were
chosen because previous studies have shown that pinprick
hyperalgesia induced by HFS is maximal between 20 and 30
minutes after HFS.27

2.3. Transcutaneous high-frequency electrical stimulation

HFS was applied on the left or right volar forearm (10 cm distal to
the cubital fossa) as previously described.8,9,19 In summary, HFS
consisted of 5 trains of 100-Hz electrical pulses (pulse width: 2
ms) lasting 1 second each. The time interval between each train
was 10 seconds. The intensity of stimulation was individually
adjusted to 203 the absolute detection threshold to a single pulse
(0.23 6 0.10 mA; mean 6 SD). The electrical pulses were
triggered by a programmable pulse generator (Master-8; AMPI,
Jerusalem, Israel) and produced by a constant current electrical
stimulator (Digitimer DS7A; Digitimer, Welwyn Garden City,
United Kingdom).

Electrical pulses were delivered to the skin using a specifically
designed electrode designed and built at the Centre for Sensory-
Motor Interaction (Aalborg University, Denmark). The cathode
consists of 16 blunt stainless-steel pins with a diameter of 0.2mm
protruding 1 mm from the base. The 16 pins are placed in a circle
with a diameter of 10 mm. The anode consists of a surrounding
stainless-steel ring having an inner diameter of 22 mm and an
outer diameter of 40 mm (Fig. 1).

To avoid any confounding effect of handedness, the arm onto
which HFS was applied (dominant vs nondominant) was
counterbalanced across participants. Handedness was
assessed using the Flinders Handedness Survey.25

2.4. Mechanical pinprick stimulation

To assess the presence secondarymechanical hyperalgesia after
HFS, we delivered mechanical pinprick stimuli before (T0) and
approximately 55 minutes after HFS (T2) in the area surrounding
the HFS stimulation (“test area”) and on the homologous site of
the contralateral control arm with a calibrated 128-mN pinprick
probe (The PinPrick; MRC Systems GmbH, Heidelberg,
Germany). A total of 3 mechanical stimuli were delivered; then,
participants were asked to report the average intensity of
perception elicited by the 3 pinprick stimuli on a numerical rating
scale ranging from 0 (no perception) to 100 (maximal pain), with
50 representing the transition from nonpainful to painful domains
of sensation. We used this scale because in previous studies,
pinprick stimuli delivered with a force of 128 mN were on average
not perceived as painful at baseline, but in some cases became
painful after HFS.8,23,31,32 The present scale allows for the
quantification of sensations changing from being nonpainful to
being painful. To avoid sensitization of the stimulated skin, the
pinprick stimulus was not applied twice on the same location.

To prevent the experience of increased pinprick sensitivity to
bias the participants during the PPT measurements, we only
assessed pinprick sensitivity at the beginning and the end of the
experiment.

2.5. Pressure pain thresholds

Pressure pain thresholds were assessed by applying increased
pressure delivered with a pressure gauge device with a probe
area of 1 cm2 (FDX50; Wagner Instruments, Greenwich, CT) to
the skin. Participants were instructed to say “stop” as soon as the
pressure started to become painful. At each measurement, PPTs
were assessed 3 times, with a 30-second interstimulus interval,5

and the arithmeticmean of the 3 repeatedmeasures was used for
analysis.20 At the beginning of the experiment, the areas at which
the PPTs weremeasured weremarked to allow for consistency of
the tested area, and participants were familiarized to the
assessment of their PPTs.

2.6. Statistical analyses

Statistical analyses were conducted using SPSS 25 (SPSS,
Chicago, IL). To confirm the successful induction of increased
pinprick sensitivity after HFS, we performed a General Linear
Model repeated-measures analysis of variance (ANOVA) analysis
using 2 within-subject factors: time (pre vs post) and arm (control
vs HFS arm) on the dependent-variable numerical rating scale
score. To assess changes in PPTs after HFS, we performed
a repeated-measures ANOVA analysis using 2 within-subject
factors: time (3 levels: T0, T1 and T2) and arm (with 2 levels:
control vs HFS arm) on the PPTs measured at (1) the skin
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surrounding the site at which HFS was applied (and to the
homologous area of the contralateral arm); (2) the temples; and (3)
the legs.

The assumption of sphericity was tested using Mauchly test. In
case the data violated the assumption of sphericity, F-values
were corrected using the Greenhouse–Geisser procedure
(denoted FG-G). The level of significance was set at P , 0.05.

3. Results

3.1. Mechanical pinprick sensitivity

HFS induced a clear increase in pinprick sensitivity at the HFS arm
(Fig. 2A). This was confirmed by the repeated-measures ANOVA,
which showed a significant time3 treatment interaction (F(1, 15)5
35.493, P , 0.001, partial h2 5 0.703). Post hoc tests showed
a statistically significant increase of the perceived intensity at the
HFS-treated arm after HFS (paired t test; t (15) 5 25.729, P ,
0.001). No significant changes in perceived intensity were
observed at the control arm (P 5 0.494).

3.2. Pressure pain thresholds at the area of increased
pinprick sensitivity

The repeated-measures ANOVA analysis of the PPTs measured at
the area of increased pinprick sensitivity and contralateral control site
did not show a significant main effect of time (F(2, 30) 5 0.493, P 5

0.616, partialh25 0.032), ormain effect of arm (F(1, 15)5 0.481,P5
0.499, partialh25 0.031), or significant time3 treatment interaction
(F(2, 30) 5 0.493, P5 0.616, partial h2 5 0.032; Fig. 2B).

3.3. Pressure pain thresholds at distant sites

The repeated-measures ANOVA of the PPTs measured on the
anterior portion of the temporalis muscle did not show a significant
main effect of time (F(2, 30)5 0.708, P5 0.501, partial h25 0.045),
or a significant main effect of arm (F(1, 15) 5 1.326, P 5 0.268,
partial h2 5 0.081), or a significant time 3 treatment interaction
(F(2, 30) 5 1.417, P 5 0.258, partial h2 5 0.086; Fig. 2C).

The repeated-measures ANOVA of the PPTs measured on the
tibialis anterior muscle did not show a significant main effect of
time (F(2, 30) 5 2.340, P 5 0.114, partial h2 5 0.135), or main
effect of arm (F(1, 15) 5 0.334, P 5 0.572, partial h2 5 0.022), or
significant time 3 treatment interaction (F(2, 30) 5 0.085, P 5
0.919, partial h2 5 0.006; Fig. 2D).

3.4. Additional analysis

To strengthen our analysis regarding PPTs delivered in the area of
secondary hyperalgesia, we post-hoc quantified the probability
that the H0 hypothesis (ie, that HFS does not induce a significant
decrease in PPT in the area of secondary hyperalgesia) is true as
compared to the alternative H1 hypothesis (that HFS does induce

Figure 1.Experimental setup. (A) High-frequency electrical stimulation (HFS) was applied to the ventral forearm of one arm. Pinprick stimuli were applied to the skin
surrounding the site at which HFS was applied and to the homologous area of the contralateral arm that served as control. (B) The electrode used to deliver HFS
consisted of 16 blunt stainless-steel pins placed in a 10-mm diameter ring (cathode), surrounded by a concentrically located anode having an inner diameter of
22 mm and an outer diameter of 40 mm. (C) Pressure pain thresholds were assessed bilaterally on the anterior portions of the temporalis muscle, on the tibialis
anterior muscle, and on the flexor carpi radialis muscle (in the “test” area).
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a decrease in PPT) by performing a Bayesian repeated-measures
ANOVA.32,38 The Bayesian analysis was performed in JASP. A 3
3 2 Bayesian repeated-measures ANOVA was performed on the
PPTs measured from both arms using the within-subject factors:
time (T0, T1, and T2) and side (control and HFS).

The Bayesian repeated-measures ANOVA provided moderate
evidence in support of the H0 hypothesis that there is no main
effect of time: BF10 5 0.229 (H1) vs BF01 5 4.735 (H0),
suggesting that PPTs did not decrease after HFS. Furthermore,
the Bayesian repeated-measures ANOVA provided strong
evidence in support of the H0 hypothesis that there is no time
3 arm interaction: BF10 5 0.070 (H1) vs BF01 5 14.246 (H0),
suggesting that there is no decrease in PPT after HFS in the area
of secondary hyperalgesia, compared with control site.

4. Discussion

Our study provides no evidence that experimentally induced CS
using high-frequency electrical stimulation of skin nociceptors
induces a widespread mechanical pressure pain hyperalgesia.
HFS induced a clear increase inmechanical pinprick hyperalgesia
in the area surrounding the site at which HFSwas applied (ie, area
of secondary hyperalgesia). However, HFS did not induce
a decrease in PPTs either in the area of secondary hyperalgesia
or at more distant body sites.

4.1. No decrease in pressure pain thresholds in the area of
secondary hyperalgesia

Despite the pronounced increase in mechanical pinprick
sensitivity, we did not observe a decrease in PPTs after HFS in

the area of secondary hyperalgesia. Our results seem to be in
contrast to the results of Klein et al.,20 who did observe a small
(8%) but significant decrease in PPTs in the area of secondary
hyperalgesia induced by HFS. Vo and Drummond34 also
observed a significant decrease in PPTs after HFS in the area of
secondary hyperalgesia. However, the same authors did not
replicate this finding in 2 other studies.35,36 Importantly, in the
studies in which PPTs are significantly decreased,20,34 the effect
was small and lower than the commonly reported minimal
detectible change for PPTs.3,11,39 Furthermore, a study compar-
ing a range of human surrogate pain models has shown that
intradermal capsaicin injection and HFS were characterized by
pinprick hyperalgesia and mild thermal sensory loss, rather than
by hyperalgesia to blunt pressure.37 Moreover, a decrease in
PPTs in the area of secondary hyperalgesia was not observed
after topical application of capsaicin.18,21 The present results
support studies that did not find a decrease in PPTs.

4.2. No decrease in pressure pain thresholds at distant
body sites

We found no evidence that HFS lowers PPTs at body sites more
distant from the site of HFS. These results may suggest that CS,
induced by the activation of skin nociceptors, does not involve
a widespread mechanical pressure pain hypersensitivity. On the
other hand, it could be argued that competing mechanisms
(inhibition vs facilitation) are present simultaneously, and this
would account for the fact that PPTs remained constant
throughout the experiment. The repetition of stimuli can either
lead to habituation or sensitization.6,7,13 In our study, a potential
increased sensitivity (ie, a decrease in PPTs) due to HFSmight be

Figure 2. (A) Group-level average (and SD) intensity of perception elicited by the pinprick stimulation before (T0) and approximately 55minutes after HFS (T2) in the
area surrounding the HFS stimulation (“test area”) and on the homologous site of the contralateral control arm. (B–D) Group-level average (and SD) pressure pain
thresholds (PPTs) measured bilaterally from (B) the flexor radialis muscle (inside the “test area”), (C) the anterior portion of the temporalis muscle, and (D) the tibialis
anterior muscle before (T0), approximately 20 minutes after HFS (T1), and approximately 45 minutes after HFS (T2). ***P,.001.
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hidden by a habituation to repeated pressure pain stimuli (resulting
in an increase in PPTs). However, previous studies have shown
that PPTs do not habituate across repeated measurements,5,10

provided that there is sufficient time between each measure,11,26

which was the case in this study. Similarly, a decrease of PPTs
may have been masked by the “pain inhibits pain” phenomenon
referred to in humans as conditioned painmodulation.42 However,
this is also unlikely because conditioned pain modulation effects
are known to quickly diminish after the end of the conditioning
stimulus12 and to be abolished after 15 minutes.17 Note that our
post-measurements were at 20 and 45 minutes after HFS.

Previous studies have also assessed PPTs at the temple after
HFS.34–36 In all 3 studies, the authors reported an increase in PPTs
that was present immediately after HFS,35 which persisted for at
least 60 minutes34 and up to 2 hours.36 Importantly, there are
some differences between this study and these previous studies.
First, the authors of these previous studies mentioned that their
HFS procedure induced ongoing sensations lasting up to 2.5
hours,35,36 which may have influenced their measurements. In our
study, we used a similar HFS electrode to the one originally
described by Klein,19 which does not induce any spontaneous
ongoing sensation after HFS.Second, and contrary to ourmethod,
these studies34–36 evaluated PPTs using single measures, instead
of using the recommended arithmetic mean of 3 repeated
measures.1,5 Third, in these previous studies, besides measuring
PPTs, they delivered other stimuli within the same session as well,
whereas in our study, we only assessed PPTs (at T1 and T2).

We cannot, however, rule out that more prolonged nociceptive
input (over weeks or months) may actually induce a widespread
decrease in PPTs. Interestingly, Kronschläger et al.22 recently
showed that high-frequency electrical stimulation (HFS) of primary
C-fiber afferents in rats triggers glial cell activation, which induces
long-term potentiation at remote C-fiber synapses through the
release of extracellular messengers, including D-serine and tumor
necrosis factor that migrate through cerebrospinal fluid. The
authors hypothesized that this gliogenic long-term potentiation
may underlie widespread pain hypersensitivity in humans.

The results of previous studies suggest that input from
muscles, fasciae, and skin induces different patterns of pain
hypersensitivity.28,40 In this study, HFS mainly activated cutane-
ous nociceptors and it could well be that intense or sustained
nociceptive input originating from deeper tissues does induce
a widespread decrease in PPTs.

To conclude, our study provides no evidence for the
hypothesis that CS induced by the activation of skin nociceptors
involves a widespread decrease in PPTs.
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