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� High and low frequency stimulation have a different effect on the N13 SEP component.
� Dorsal horn excitability changes induced by low frequency stimulation can modulate the N13.
� Different experimental models of central sensitization may induce dorsal horn excitability changes through different mechanisms.
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Objective: The N13 component of somatosensory evoked potential (N13 SEP) represents the segmental
response of cervical dorsal horn neurons. Neurophysiological studies in healthy participants showed that
capsaicin-induced central sensitization causes an increase of the N13 SEP amplitude. Consequently, in
human research, this spinal component may serve as a valuable readout of central sensitization.
In this study, we wanted to verify if the sensitivity of the N13 SEP for detecting central sensitization is

consistent across different experimental pain models inducing central sensitization and secondary hyper-
algesia, namely high and low-frequency electrical stimulation (HFS and LFS).
Methods: In 18 healthy participants, we recorded SEP after bilateral ulnar nerve stimulation before and
after secondary hyperalgesia was induced through HFS and LFS applied on the ulnar nerve territory of
the hand of one side. The area of secondary hyperalgesia was mapped with a calibrated 128-mN pinprick
probe, and the mechanical pain sensitivity with three calibrated 16–64-256-mN pinprick probes.
Results: Although both HFS and LFS successfully induced secondary hyperalgesia only LFS increased the
amplitude of the N13 SEP.
Conclusions: These findings suggest that the sensitivity of the N13 SEP for detecting dorsal horn excitabil-
ity changes may critically depend on the different experimental pain models.
Significance: Our results indicate that LFS and HFS could trigger central sensitization at the dorsal horn
level through distinct mechanisms, however this still needs confirmation by replication studies.
� 2023 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction Although central sensitization is thought to be a key mecha-
Central sensitization is defined as an ‘‘increased responsiveness
of nociceptive neurons in the central nervous system to their
normal or subthreshold afferent input” (https://www.iasp-pain.
org/resources/terminology/).
nism underlying many chronic pain conditions, it cannot be
directly measured in humans but only assessed by indirect proxies
(Arendt-Nielsen et al., 2018).

Many attempts have been made to find a reliable neurophysio-
logical measure of the spinal cord dorsal horn excitability changes
induced by secondary hyperalgesia models (Andersen et al., 1996,
1995; Biurrun Manresa et al., 2014; Grönroos and Pertovaara,
1993; Leone et al., 2021; Linde et al., 2021; Ellrich and Treede
1998; Guekos et al., 2022; Manresa et al., 2010; Di Lionardo
et al., 2021) with conflicting results. The heterogeneity of evidence
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provided by neurophysiological studies on this topic might be
attributable to the different human experimental pain models used
for inducing central sensitization and secondary hyperalgesia,
which may act differently on dorsal horn excitability (Quesada
et al. 2021; Manresa et al. 2010).

The lone instance when both spinal neurons’ input and output
have been documented in the same model is the phenomenon of
secondary hyperalgesia induced by intradermal capsaicin, which
fulfils the definition of central sensitization (Treede et al., 2016).
However, at present we have more than a dozen available experi-
mental pain models of secondary hyperalgesia to indirectly inves-
tigate central sensitization (Quesada et al. 2021). All of these
experimental pain models are known to cause second order neu-
rons in the dorsal horn to become sensitized, which results in a
zone of secondary hyperalgesia surrounding the primary hyperal-
gesic area. The onset, duration, and magnitude of the area of sec-
ondary hyperalgesia, and the pharmacological profile, on the
other hand, are different between these experimental pain models
(Quesada et al. 2021). Therefore, they may affect dorsal horn
excitability through different mechanisms.

Previous studies on the modulation of the nociceptive flexion
reflex size provided evidence in support of this theory, showing
that it is not equally modulated by spinal excitability induced by
different experimental pain models of secondary hyperalgesia,
namely high (100 Hz, 1 sec, 20x detection threshold) and low fre-
quency electrical stimulation (1 Hz, 1000 sec, 10x detection
threshold) (HFS and LFS) (Andersen et al., 1996; Manresa et al.,
2010), and leading to the conclusion that a stimulation frequency
within the primary afferents’ physiological firing range, as is the
case for LFS, is probably required to modulate the reflex size.

The N13 cervical component of somatosensory evoked poten-
tials (SEP), mediated by non-nociceptive Ab fibres and reflecting
the response of dorsal horn neurons to non-noxious inputs
(Desmedt and Cheron 1980; Mauguiere and Courjon 1981) has
been indicated as a promising biomarker of central sensitization.
The N13 SEP is sensitive to heterotopic noxious stimuli, and thus
presumably reflects the activity of wide dynamic range neurons
(Di Pietro et al., 2022); additionally, this spinal component is mod-
ulated by capsaicin-induced central sensitization (Di Lionardo
et al., 2021). It follows that this neurophysiological measure might
be used to quantify central sensitization in human studies.

However, it is still unclear whether the N13 SEP modulation is
consistent across the various experimental pain models used for
inducing central sensitization in humans. Having information on
the N13 SEP consistency for detecting dorsal horn excitability
changes might increase its reliability and usefulness as a central
sensitization biomarker within the dorsal horn of the human spinal
cord, thus concurring with the identification of a robust biomarker
for more efficient analgesic drug development, in accordance with
the standards provided by the European Medicines Agency for the
clinical development of pharmaceuticals used to relieve pain.

In this neurophysiological study in healthy humans, our goal
was to determine whether the N13 SEP is responsive to different
experimental pain models that cause secondary hyperalgesia and
central sensitization. To do so, we tested if the dorsal horn
excitability changes induced by high- and low-frequency electrical
stimulations modulate the amplitude of the N13 SEP.
2. Methods

2.1. Participants

We enrolled 18 healthy participants (7 M, aged 25 ± 4 years);
none of them had a history of chronic pain disorders, peripheral
or central nervous system illnesses, other medical conditions, drug
29
use within the previous two weeks, jet lag, irregular work sched-
ules, sleep deprivation within the previous week, or history of drug
abuse. Of the 18 participants enrolled, ten underwent the two
experimental sessions at least a week apart from each other; the
other eight participants were equally split over one of the two ses-
sions (4 HFS and 4 LFS).

All participants gave their informed consent. This study was
approved by the local review board and was carried out in accor-
dance with the Declaration of Helsinki governing the use of
humans in experimental studies.

2.2. Experimental design

The study consisted of two experimental sessions (HFS and LFS),
each lasting approximately 80 minutes. During each session, we
recorded SEP after ulnar nerve stimulation of the right and left side
before and after secondary hyperalgesia induction with HFS/LFS
applied on the ulnar nerve territory of the hand of one side, namely
a baseline and a post-HFS/LFS recording. The order of recordings
and the side of secondary hyperalgesia induction were pseudo-
randomized between participants. The two experimental sessions
were designed taking into account the different time courses of
the two experimental pain models (Klein et al. 2004; Manresa
et al. 2010). HFS has a duration of 40 seconds and, after 10–15 min-
utes, induces an area of secondary hyperalgesia, which is main-
tained for at least 60 minutes (Klein et al. 2004). Conversely, LFS
is a long-lasting continuous stimulation, with a duration of 16 min-
utes; immediately after the end of stimulation, it induces an area of
secondary hyperalgesia, which rapidly decreases in 10 minutes
(Manresa et al. 2010). In the HFS session, we tested the area of sec-
ondary hyperalgesia, and we recorded SEP 14 minutes after the
electrical stimulation; in the LFS session, we recorded SEP immedi-
ately after electrical stimulation and tested the area of secondary
hyperalgesia at the end of the SEP recording (Fig. 1).

2.3. SEP recording

We recorded somatosensory evoked potentials after electrical
stimulation of the ulnar nerve at the wrist (surface recording bar
electrode; stimulus duration: 0.1 ms; stimulation frequency:
4 Hz; high-pass filter 2 Hz, low-pass filter 2 kHz; analysis time
base: 50 ms; sampling rate: 2000 Hz).

The cathode was positioned over the distal ulnar nerve, 2 cm
proximal to the wrist crease and the anode was positioned on
the wrist crease. Intensity was kept constant between baseline
and post-HFS/LFS recordings (7.9 ± 1.9 mA on the right side and
7.8 ± 1.8 on the left side) corresponding to the threshold for induc-
ing a muscle twitch in ulnar nerve-innervated hand muscles.

Two blocks of 650 trials were collected, superimposed (to test
reproducibility), and averaged. The participants were instructed
to rest in a supine position while lying on a medical cot. By provid-
ing the greatest level of comfort, muscle artefacts were prevented.
Occasionally occurring high-amplitude transients (>100 lV) were
removed using automatic artefact rejection.

To record and measure the different SEP components we fol-
lowed the International Federation of Clinical Neurophysiology
guidelines. To record the peripheral (N9) component, electrodes
(disposable surface electrodes 20x25) were placed over the Erb
point bilaterally, 2–3 cm above the clavicle, within the angle cre-
ated by the posterior border of the clavicular head of the stern-
ocleidomastoid muscle and the clavicle. To record the dorsal
horn N13 component we placed the recording surface electrode
over the sixth cervical spinous process (C6), with an anterior cervi-
cal electrode serving as a reference on the midline skin surface of
the supraglottic region (disposable surface electrodes 20x25mm).
According to the 10–20 international system, N20 and P25 compo-



Fig. 1. Experimental design. High frequency stimulation (HFS) session (1A) and low frequency stimulation (LFS) session (1B). 1A) The HFS consisted of five trains of electrical
pulses delivered at 100 Hz (pulse width: 2 ms). Stimulation intensity was set to 20x the detection threshold. Each train lasted 1 s, with a 10-s interval between each train
(overall duration of stimulation around 40 seconds). Hyperalgesia was tested 14 minutes after stimulation. 1B) The LFS consisted of a single train of 1000 pulses (pulse width:
2 ms), delivered at 1 Hz (overall duration of stimulation around 16.7 min). Stimulation intensity was set to 10x the detection threshold. Hyperalgesia was tested at the end of
somatosensory evoked potentials recording.
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nents were recorded with a parietal scalp electrode (Pc) contralat-
eral to the stimulation, placed 5 cm posterior to Cz and 7 cm lateral
to the midline, with reference on Fz (AgAgCl cup electrodes). A wet
velcro ground was placed on the stimulated arm. Impedance was
kept below 3000 X. Epochs were averaged after automatic artefact
rejection. The individual waveforms’ amplitudes of the various SEP
components were manually extracted: N9 amplitude was mea-
sured from zero volts baseline to peak; N13 was measured
between the peaks of N13 and the preceding positivity (P9) and
N20-P25 was measured between the peaks of N20 and the follow-
ing positivity (P25) (Restuccia and Mauguiere 1991).

Both stimulating and recording electrodes were left in place for
the entire duration of the experiment.
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2.4. Secondary hyperalgesia induction: Electrode positioning

Secondary hyperalgesia was induced using two different exper-
imental pain models: HFS and LFS. In both experimental pain mod-
els, the electrical stimulation was elicited with a constant current
electrical stimulator (DS5, Digitimer, UK) using a customized elec-
trode (HFS Electrode ‘‘EPS-P10”, MRC Systems GmbH, Heidelberg,
Germany). The cathode of this electrode consists of 10 blunt tung-
sten pins which are arranged on a circle with a diameter of 5 mm.
Each pin has a diameter of 250 lm and protrudes by 0.8 mm from
the base. The electrode has a rectangular anode measuring 24x20
mm2. The anode was covered by a gel cushion. HFS and LFS were
applied to the lateral side of the hand dorsum in the ulnar nerve
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territory. We determined the electrical detection threshold, i.e., the
lowest intensity at which participants detected a single square
wave electrical pulse. The first stimulus was applied with the
intensity of 0,05 mA and if the participant did not feel anything,
progressively stronger stimuli, increased by 0.05 mA, were applied.
The first value that the participant felt was recorded, and the inten-
sity of the next stimuli was reduced by 0.02 mA, until the partici-
pant didn’t feel anything. Then, the intensity of the following
stimuli was increased by 0.02 mA until the positive answer. The
detection threshold was the geometric mean of three suprathresh-
old and three subthreshold values. The device’s position was
immediately changed if participants reported any radiating sensa-
tion along their hand, which would indicate that the electrode had
been placed directly above nerve branches. Similar to that, blood
vessel route was avoided.

2.5. Secondary hyperalgesia induction: HFS

We induced secondary hyperalgesia in 14 participants using
HFS. The HFS was made up of five trains of electrical pulses deliv-
ered at 100 Hz (pulse width: 2 ms). Each train lasted 1 s, with a 10-
s interval between each train. Participants were asked to evaluate
each individual train on a 0–100 numerical rating scale (NRS) with
the stimulation intensity set to 20x the detection threshold (Leone
et al. 2021). The subjects were pseudo-randomly assigned to the
electrical stimulation side.

2.6. Secondary hyperalgesia induction: LFS

We induced secondary hyperalgesia in 14 participants using
LFS. The LFS was made up of a single train of 1000 pulses, 2 ms
pulse width, delivered at 1 Hz, i.e., with a total duration of around
16.7 min (Manresa et al. 2010). Stimulation intensity was set to
10x the detection threshold. Three times during the conditioning
process, namely at the beginning, after 8 minutes of stimulation,
and at the conclusion, participants were asked to evaluate the pain
intensity on a 0–100 numerical rating scale (NRS). The participants
were pseudo-randomly assigned to the electrical stimulation side.

2.7. Mapping and rating hyperalgesia

A calibrated 128-mN pinprick probe (MRC Systems GmbH, Hei-
delberg, Germany) was used to map the region of increased sen-
sory perception on the electrical stimulation side. Participants
were instructed to close their eyes and describe any changes in
the pinprick feeling, i.e. more intense or coupled with a burning
sensation. Eight radii of pinprick stimulation were delivered, start-
ing from the neutral areas, and moving toward the centre of the
primary hyperalgesia area (corresponding to the conditioning elec-
trode’s cathode). We measured the radii in cm, marked the area,
and determined the geometric mean of the eight radii. Given the
heterogeneous spreading of the area, the geometric mean compen-
sates for the large fluctuations of the radii.

To assess the magnitude of pinprick hyperalgesia, we tested
mechanical pain sensitivity with three weighted pinprick probes
(16, 64, and 256 mN, flat contact area of 250 lm diameter) ran-
domly applied on both test and contralateral side (contralateral
site mirrored to the test site). We used a 0–100 NRS to rate the pain
induced by pinpricks in relation to each stimulation. We provided
the participants with the following instructions: ‘‘Please rate the
painfulness of each stimulus by giving a number between ‘‘0”
and ‘‘100”. Any ‘‘sharp”, ‘‘pricking”, ‘‘stinging” or ‘‘burning” sensa-
tion should be defined as being painful and given a rating value
above ‘‘0”. You may also use decimals. ‘‘0” meaning: no pain, no
‘‘sharp”, ‘‘pricking”, ‘‘stinging” or ‘‘burning” sensation. ‘‘100” mean-
ing: Most intense pain sensation imaginable.”
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We tested the presence of dynamic mechanical allodynia with
tactile stimuli: a cotton wisp, a cotton wool tip (Q-Tip) fixed to
an elastic strip, and a standardized brush (MRC Systems GmbH,
Heidelberg, Germany). Participants evaluated stimulus intensity
with a 0–100 NRS. Pinprick stimuli were interspersed with light
touch stimuli in a balanced test sequence.

To calculate the hyperalgesia score, we added 0.1 to all ratings,
then took the log 10. We then averaged together the log10-ratings
obtained with the three different pinpricks (16, 64 and 256 mN) to
obtain the arithmetic mean of each site, both test and contralateral,
and subtracted the arithmetic mean of the contralateral site from
the test site. A positive value indicated hyperalgesia.

The same procedure was separately applied to the mechanical
allodynia score.
2.8. Statistical methods

Based on the effect size of interest (the N13 SEP amplitude
change after secondary hyperalgesia induction, corresponding to
Cohen’s d 1.8; G-Power 3.0 a 0.05; b 0.95), we calculated the sam-
ple size of n = 14 participants needed to detect a difference in the
N13 amplitude, comparable to that described in a previous study
(Di Lionardo et al. 2021).

For each condition (HFS/LFS), descriptive summaries for the
latencies and amplitudes of each SEP component (i.e., N9, N13,
N20-P25) are shown as mean ± standard deviation (SD) (Table 1).
Cohen’s d is used to calculate effect sizes. The Shapiro-Wilk test
was performed to evaluate the data distribution, and the results
showed that our variables had a gaussian distribution.

One-way repeated measures analysis of variances (ANOVA) was
used to compare pain ratings at the first minute, minute eight and
at the end of LFS conditioning.

Two-way ANOVA, and post hoc multiple comparisons with
Sidak’s correction when significant, were used to assess the effect
of time (before and after secondary hyperalgesia induction) and
side (active vs. control) and their interaction on the amplitude of
SEP components, separately for the two different human models
of secondary hyperalgesia used.

T-test for unpaired data was used to compare the percentage of
change pre vs post conditioning between HFS and LFS, to test if the
two experimental pain models differently modulated the N13.

To test the intrinsic variability of the N13, we calculated the
percentage of change in the two consecutive blocks of 650 stimuli.
To test if the difference observed due to the conditioning model
outclassed the intrinsic variability of the N13, we performed a
t-test between the percentage of change between blocks and the
percentage of change pre vs post conditioning.

A paired analysis was performed in the 10 participants who
performed both sessions. We used the t-test to compare the area
and the score of secondary hyperalgesia induced by the two
experimental pain models.

All the tests were two-sided, and a p-value of 0.05 was consid-
ered statistically significant. All statistical analysis and plotting of
data were performed in Prism 8.0 (GraphPad, CA, USA).
3. Results

The mean intensity of HFS and LFS was 7.8 ± 2 mA and 2.8 ± 0.
7 mA, respectively. The pain rating for HFS was 80.14 ± 17.9; the
pain ratings for LFS were 33.6 ± 12.3 at the first minute,
37.8 ± 12.8 at minute eight and 39.3 ± 18 at the end of the stimu-
lation, with no significant difference across the three measures
(ANOVA, F (1.603, 20.84) = 0.6966; p = 0.2974).

In all participants, HFS and LFS induced an area of secondary
hyperalgesia. In the 18 participants, the mean radius of the area



Table 1
Descriptive summary of somatosensory evoked potential components pre and post conditioning.

HFS LFS

Active side Control side Active side Control side

Baseline After Conditioning Baseline After Conditioning Baseline After Conditioning Baseline After Conditioning

N9 latency (ms) 10.1 ± 0.7 10.2 ± 0.7 10.2 ± 0.7 10.1 ± 0.9 10.0 ± 0.9 10.1 ± 0.9 10.0 ± 0.9 9.5 ± 2.7
N13 latency (ms) 13.3 ± 1.0 13.3 ± 1.1 13.4 ± 1.1 13.5 ± 1.1 13.4 ± 1.2 13.4 ± 1.1 13.2 ± 1.2 13.4 ± 1.3
N20-P25 latency (ms) 19.3 ± 1.2 19.3 ± 1.3 19.2 ± 1.3 19.3 ± 1.2 19.4 ± 1.4 19.8 ± 1.6 19.1 ± 1.3 19.3 ± 1.3
N9 amplitude (lV) 2.15 ± 1.1 2.4 ± 1.0 1.89 ± 1.0 2.08 ± 0.8 1.96 ± 1.1 1.69 ± 0.8 1.54 ± 1.1 1.72 ± 1.2
N13 amplitude (lV) 1.32 ± 0.4 1.37 ± 0.4 1.24 ± 0.6 1.26 ± 0.3 1.14 ± 0.3 1.36 ± 0.4 1.0 ± 0.3 1.31 ± 0.3
N20-P25 amplitude (lV) 2.71 ± 0.9 2.77 ± 0.8 2.68 ± 0.8 2.67 ± 0.9 2.85 ± 0.7 2.92 ± 0.7 2.46 ± 0.8 2.32 ± 0.6

Data are expressed as mean ± SD.
HFS: High Frequency Stimulation; LFS: Low Frequency Stimulation.
Amplitude calculation: N9 baseline to peak; N13 peak to peak (P9-N13); N20 peak to peak (N20-P25).

Table 2
F-test p-values of the two-way repeated measures ANOVA for the amplitude of
Somatosensory evoked potentials components for High and Low Frequency
Stimulation.

N9
p-value

N13
p-value

N20-P25
p-valueHFS

Time 0.3694 0. 7113 0.8036
Treatment 0.3399 0.5217 0.8336
Time* Treatment 0.9040 0.9184 0.6962

LFS
Time 0.7976 <0. 0001* 0.7369
Treatment 0.6115 0.5294 0.0637
Time* Treatment 0.1616 0.5597 0.2838

HFS: High Frequency Stimulation; LFS: Low Frequency Stimulation.

C. Leone, G. Di Pietro, Y. Salman et al. Clinical Neurophysiology 156 (2023) 28–37
was 3.09 ± 0.8 cm for HFS and 2.98 ± 1.18 cm for LFS and the hyper-
algesia score was 0.64 ± 0.42 for HFS and 0.32 ± 0.26 for LFS. The
analysis performed on paired data of 10 participants showed a sig-
nificantly larger radius (3.29 ± 1.1 cm for HFS and 2.8 ± 1.1 cm for
LFS) and a higher score (0.62 ± 0.45 for HFS and 0.23 ± 0.25 for LFS)
of secondary hyperalgesia for the HFS compared to the LFS
(p = 0.037, Cohen’s d 0.436; p = 0.048, Cohen’s d 1.06).

The results of the two-way repeated measures ANOVA are sum-
marised in Table 2 and Fig. 2. When we analysed changes of the
N13 SEP amplitude we found that the two-way repeated measures
ANOVA showed a significant effect of time for the LFS model
(p < 0.0001; T0-T1 post-hoc comparisons with Sidak’s correction,
active: p = 0.0065, Cohen’s d 0.65; control: p = 0.0008, Cohen’s d
0.99), no effect for the HFS model (Table 2) (Figs. 2 and 3), and
no interaction between the two factors (Table 2). Individual traces
are shown in Figs. 4 and 5. Neither LFS nor HFS modulated the
amplitude of the other SEP components (N9 and N20-P25) (Table 2)
(Fig. 2).

The unpaired t-test of the N13 percentage of change between
HFS and LFS showed a different effect of the two experimental pain
models, though only approaching significance (p = 0.051, Cohen’s d
0.77).

The paired t-test between the N13 percentage of change
between blocks and pre vs post conditioning, showed that the
increase induced by LFS was significantly higher than the intrinsic
variability of the N13 amplitude (t-test of pooled data active/con-
trol, n = 28; p < 0.007, Cohen’s d 0.61). No significant difference was
found for HFS (t-test of pooled data active/control, p = 0.54).
4. Discussion

In this study on human neurophysiology, we demonstrated that
both HFS and LFS successfully induced secondary hyperalgesia; LFS
increased the amplitude of the N13 SEP, while HFS failed to
modulate the N13 SEP amplitude. These findings indicate that
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the sensitivity of N13 SEP for detecting dorsal horn excitability
changes may critically depend on the different experimental pain
model.

To learn more on the effect of central sensitization on the N13
SEP we used HFS and LFS, two widely agreed experimental pain
models to induce secondary hyperalgesia in humans. We delivered
HFS and LFS with an electrode composed of 10 blunt stainless-steel
pins designed to specifically activate Ad and C-fibres. Both experi-
mental pain models are supposed to induce modification of synap-
tic strength at the dorsal horn level, which underlies central
sensitization (Quesada et al., 2021; Klein et al., 2004). The choice
to use different timing to assess secondary hyperalgesia in the
two sessions was dictated by the different time courses of the
two experimental pain models in inducing secondary hyperalgesia
(see Methods). Neither of the two models induced pain to non-
nociceptive stimulation (mechanical allodynia) nor pain outlasting
the cessation of the stimulus. Both HFS and LFS were perceived as
painful by all the participants. However, the hyperalgesia score
was higher, and the area of secondary hyperalgesia was larger with
HFS than LFS.

The larger area and the higher pain score of secondary hyperal-
gesia associated with HFS in comparison to those associated with
LFS might reflect a different effect of the two experimental pain
models at the dorsal horn level. We hypothesise that HFS, due to
the high intensity of stimulation, may activate more intensely
the high-threshold neurones population in the superficial laminae
than LFS. In animals, these neurons are known to contribute to sec-
ondary hyperalgesia to pinprick stimuli, as testified by their signif-
icantly increased responses to a pinprick stimulation in the area of
capsaicin-induced secondary hyperalgesia (Simone et al., 1991).

We found that while LFS significantly modulated the amplitude
of the N13 SEP, HFS failed to change the amplitude of this spinal
component of SEP. This finding is in line with a previous neuro-
physiological study that investigated the conditioning effect of
HFS and LFS on the nociceptive withdrawal reflex and found that
only LFS modulated the amplitude of this spinal reflex (Manresa
et al., 2010). We have no simple explanations for the differential
effect of HFS and LFS on the N13 SEP amplitude. We may speculate
that LFS is a long-lasting continuous stimulation, which plausibly
mimics the actual low-frequency, persistent nociceptive afferent
barrage triggered by inflammation. These specific stimulation
parameters (1000 stimuli at 1 Hz; Price 1972) may induce two dif-
ferent amplification phenomena affecting the N13 SEP. Besides
inducing the dorsal horn excitability changes evidenced by the
presence of secondary hyperalgesia, this experimental pain model
may also trigger a concurring wind-up phenomenon due to its
specific stimulation frequency. These two phenomena are indepen-
dent (Magerl et al., 1998) and may then concur to the N13 SEP
modulation. Conversely, HFS stimulus parameters are able to
induce synaptic strength modifications at dorsal horn level, but
they are not suitable for the induction of a wind-up phenomenon.



Fig. 2. Modulation of the N13 somatosensory evoked potential (SEP) induced by high frequency (HFS) and low frequency stimulation (LFS). Individual values of the
amplitudes of the somatosensory evoked potentials components (N9, N13, N20-P25) before (in blue) and after (in red) high frequency and low frequency stimulation (HFS
and LFS) for the active and the control side. Black lines represent mean and 95% Confidence Interval, dots represent individual subjects. Asterisks indicate significance vs
baseline (p < 0.05, Sidak’s corrected p value).

Fig. 3. Intra-individual modulation of N13 somatosensory evoked potential (SEP) induced by high frequency (HFS) and low frequency stimulation (LFS). Intra-
individual differences in the N13-somatosensory evoked potential amplitude before (blue) and after (red) high frequency stimulation (HFS on the left) and low frequency
stimulation (LFS on the right) for the active and the control side. Each dot represents a participant.
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The rapid decrease of LFS modulation at dorsal horn level
(Manresa et al. 2010) further support our hypothesis since the
effect of wind-up is known to last a few minutes (Liu and
Sandkühler 1997).

Admittedly, we cannot exclude alternative explanations for the
differential effect on N13 SEP of HFS and LFS. The two experimental
33
pain models may trigger distinct activation of nociceptive Ad and
C-fibres. This hypothesis is consistent with a previous study show-
ing that LFS changes C-fibre mediated cutaneous blood flow, while
HFS does not (Manresa et al., 2010). Alternatively, HFS and LFS may
differ in descending pain modulatory system activation, thus
affecting the N13 SEP modulation differently (Manresa et al.,



PRE
POST

PRE
POST

Fig. 4. Individual traces for the N13 somatosensory evoked potential (SEP) in the high frequency stimulation (HFS) session. Individual average N13-somatosensory
evoked potential before (blue) and after (red) high frequency stimulation (HFS). 4A) active side; 4B) control side. Amplitude is expressed in microvolts and time in
milliseconds. The grey rectangle indicates the P9-N13 interval.
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2010). However, a previous neurophysiological study in healthy
humans (Leone et al., 2021), showing that HFS does not signifi-
cantly affect a conditioning pain modulation protocol, argues
against this possibility.

We found that LFS applied on one side modulated the N13 SEP
elicited after stimulation of both sides. The bilateral LFS effect is
34
consistent with animal studies showing that unilateral nerve com-
pression induces mechanical dynamic allodynia bilaterally (Chacur
et al., 2001; Hubbard et al., 2008). Clinical studies also showed that
in patients with mononeuropathy, neuropathic pain is associated
with pinprick and thermal hyperalgesia and wind-up phenomena
on both sides, presumably reflecting central sensitization phenom-



Fig. 5. Individual traces for the N13 somatosensory evoked potential (SEP) in the low frequency stimulation (LFS) session. Individual average N13-somatosensory
evoked potential before (blue) and after (red) low frequency stimulation (LFS). 4A) active side; 4B) control side. Amplitude is expressed in microvolts and time in milliseconds.
The grey rectangle indicates the P9-N13 interval.
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ena affecting dorsal horn bilaterally (Enax-Krumova et al., 2017-
2021a,b; Konopka 2012). Although the mechanisms underlying
bilateral central sensitization are still an open issue, the involve-
ment of commissural interneurons or nerve growth factors and
spinal pro-inflammatory cytokines have been suggested
(Koltzenburg et al., 1999; Milligan et al., 2003).
35
As expected, HFS and LFS did not affect the peripheral N9 SEP
and the cortical N20-P25 SEP. The unchanged N9 SEP shows that
the peripheral input to the spinal cord did not follow the same
trend as the N13 (Supplementary Figs. 1-2) and remained quite
stable. The N20-P25 SEP reflects a postsynaptic potential ‘‘gener-
ated in the geometrically coherent dendrites of cortical pyramids”
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(Eccles 1951) in the primary somatosensory cortex by activating
large, myelinated fibres, whose collaterals activate dorsal horn
neurons generating N13 SEP. Therefore, the observation that LFS
does not change cortical N20-P25 SEP lends further support to
the evidence that N13 SEP precisely reflects dorsal horn excitability
changes.

4.1. Limitations

Admittedly our study has a few limitations. A reliable evalua-
tion of LFS-induced N13 SEP modulation at single subject level is
likely prevented by the modest amplitude of ulnar-nerve-
mediated N13 SEP and the slight amplitude increase following LFS.

Attention might concur with the differential effect of LFS and
HFS on the N13 SEP amplitude changes we found. Prior research
demonstrated that nociceptive responses, such as the nociceptive
flexion reflex, that are mediated by the dorsal horn, are modulated
by attention (Lannon et al., 2021). We cannot exclude that HFS and
LFS might differentially trigger attention and top-down modula-
tion of N13 SEP.

The subjects submitted to both experiments were not the same
(10 out of 14), hence we cannot rule out a subject-dependent
effect.

Lastly, the comparison between the effect of HFS and LFS was
calculated through an unpaired t-test, though part of the data were
paired.

5. Conclusions

Our findings showing that LFS modulated N13 SEP unlike HFS,
indicate that how this spinal SEP component reflects central sensi-
tization phenomenon, may critically depend on the experimental
pain model used. This information might be useful in the selection
of reliable biomarkers in the analgesic drug development experi-
ments. Although our study suggests that LFS and HFS may trigger
central sensitization at the dorsal horn level through distinct
mechanisms, this finding still needs confirmation by replication
studies.
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