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Highlights 

 Pinprick stimuli elicit a low-frequency EEG response and a reduction of alpha-band 

oscillations. 

 Secondary hyperalgesia is associated with an increase of the low-frequency EEG 

response. 

 Time-frequency analysis is useful for identifying this increase in low-frequency EEG 

response. 

 
 
 
 
ABSTRACT 
 
Objective: Pinprick-evoked brain potentials (PEPs) have been proposed as a technique to 

investigate secondary hyperalgesia and central sensitization in humans. However, the signal-

to-noise (SNR) of PEPs is low. Here, using time-frequency analysis, we characterize the 
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phase-locked and non-phase-locked EEG responses to pinprick stimulation, before and after 

secondary hyperalgesia. 

Methods: Secondary hyperalgesia was induced using high-frequency electrical stimulation 

(HFS) of the left/ right forearm skin in 16 volunteers. EEG responses to 64 and 96 mN 

pinprick stimuli were elicited from both arms, before and 20 minutes after HFS.  

Results: Pinprick stimulation applied to normal skin elicited a phase-locked low-frequency 

(<5 Hz) response followed by a reduction of alpha-band oscillations (7-10 Hz). The low-

frequency response was significantly increased when pinprick stimuli were delivered to the 

area of secondary hyperalgesia. There was no change in the reduction of alpha-band 

oscillations. Whereas the low-frequency response was enhanced for both 64 and 96 mN 

intensities, PEPs analyzed in the time domain were only significantly enhanced for the 64 mN 

intensity. 

Conclusions: Time-frequency analysis may be more sensitive than conventional time-domain 

analysis in revealing EEG changes associated to secondary hyperalgesia. 

Significance: Time-frequency analysis of PEPs can be used to investigate central sensitization 

in humans. 
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1. INTRODUCTION 

  
Intense or sustained nociceptor activation, induced for example by capsaicin or high 

frequency electrical stimulation (HFS), triggers an activity-dependent long-lasting, but 

reversible, long-term potentiation (LTP) in spinal nociceptive pathways (Sandkühler, 2007). 

In humans, topical capsaicin or HFS of the skin induces hyperalgesia in the treated area 

(“primary” hyperalgesia, LaMotte et al., 1991; Klein et al., 2004; Henrich et al., 2015). This 

primary hyperalgesia is thought to result from both a peripheral sensitization of nociceptors 

and LTP in spinal nociceptive pathways (Sandkühler and Gruber-Schoffnegger, 2012).  

 

However, it also results in a pronounced and long-lasting enhancement of mechanical 

pinprick sensitivity that spreads beyond the treated area (“secondary” hyperalgesia, LaMotte 

et al., 1991; Klein et al., 2004). The exact mechanism underlying this increased pinprick 

sensitivity is currently unknown (Sandkühler and Gruber-Schoffnegger, 2012) but several 

lines of evidence suggest that it results from central sensitization (Baumann et al., 1991; 

LaMotte et al., 1991; Simone et al., 1991), i.e. an “increased responsiveness of nociceptive 

neurons in the central nervous system to their normal or subthreshold afferent input” (Loeser 

and Treede, 2008).  

 
To explore the changes in brain activity related to this increased pinprick sensitivity we 

recently recorded pinprick-evoked brain potentials (PEPs) before and after experimentally 

induced pinprick hyperesthesia with capsaicin (Van den Broeke et al., 2015). Different 

pinprick intensities, ranging from 16 to 512 mN, were used to characterize the effect of 

stimulation intensity on PEPs. We found that when pinprick stimuli were applied inside the 

area of increased pinprick sensitivity, PEPs elicited by intermediate pinprick intensities were 
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increased, with the strongest and only significant increase for the 64 mN stimulation 

intensity. In a follow-up study, we showed that the increase in PEP magnitude followed the 

long-lasting time course of the increase in pinprick perception (Van den Broeke et al., 

2016a). These results suggest that the recording of PEPs could be an interesting tool to 

evaluate the cortical processing of mechanical nociceptive input in the context of central 

sensitization, with potential clinical applications.  

 

However, in these previous studies the PEP waveforms were only analyzed in the time-

domain. Time-domain averaging assumes that event-related potentials (ERPs) are embedded 

in background EEG activity that is considered as noise (Dawson, 1954). By averaging signals 

aligned to the onset of the stimulus, all signals that are not phase-locked to the onset of the 

stimulus are attenuated, thereby increasing the signal-to-noise ratio (SNR) of phase-locked 

ERPs. However, variability in the latency of the elicited responses can render ERPs not 

strictly phase-locked to the stimulus onset. Furthermore, it has been shown that stimuli can 

also transiently increase or decrease the magnitude of ongoing EEG oscillations, a 

phenomenon referred to as event-related synchronization and desynchronization (Kalcher 

and Pfurtscheller, 1995; Mouraux et al., 2003; Ploner et al., 2005; Mouraux and Iannetti, 

2008). One way to identify these responses is to estimate the magnitude of EEG oscillations 

in the time-frequency domain, such as to identify time-locked changes in EEG power 

regardless of whether the underlying change in signal is phase-locked to the stimulation 

onset.  

In previous studies, the SNR of PEPs identified using conventional time-domain averaging 

was low, possibly because the stimulus and/or the activity elicited by the activation of 

mechanoreceptors is not highly phasic, but also because of variability in the force applied 
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across trials when manually delivering the pinprick stimuli. Using time-frequency analysis of 

the EEG signals, the aim of the present study was to disclose the phase-locked and non-

phase-locked EEG responses to pinprick stimulation and their change when pinprick stimuli 

are applied to the area of secondary hyperalgesia. We hypothesized that, as compared to 

PEPs identified in the time domain, this approach might yield pinprick-evoked EEG responses 

having a higher SNR. In addition, we attempted to further enhance the SNR by improving the 

reproducibility of pinprick stimulation. 

 

2. MATERIALS AND METHODS 

2.1 Participants  

Sixteen healthy volunteers took part in the experiment (8 men and 8 women; aged 20 – 27 

years; 22.7 ± 2.2 years [mean ± sd]). The experiment was conducted according to the 

declaration of Helsinki. “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 (Van den Broeke and Mouraux, 2014b).”  

2.2 Experimental design 

The design of the experiment is summarized in Figure 1. During the experiment, participants 

were comfortably seated in a chair with their arms resting on a table in front of them, with 

palms up. Transcutaneous high frequency electrical stimulation (HFS) of the left or right 

volar forearm was used to induce increased pinprick sensitivity in the surrounding 

unconditioned skin (Klein et al., 2004; Van den Broeke and Mouraux, 2014a; 2014b; Van den 

Broeke et al., 2016a; 2016b). “To avoid any confounding effect of handedness, the arm onto 

which HFS was applied (dominant vs. non dominant) was counterbalanced across 
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participants (Van den Broeke and Mouraux, 2014a; 2014b; Van den Broeke et al., 2016a; 

2016b)”. Handedness was assessed using the Flinders Handedness Survey (Nicolls et al., 

2011). Mechanical pinprick stimuli were applied before (pre) and 20 minutes after (post) 

applying HFS. The stimuli were delivered to the skin surrounding the area onto which HFS 

was delivered, and to the corresponding skin area of the contralateral arm that served as 

control. During the pinprick stimulation, a vertical white curtain (46 x 42 cm) was placed over 

both arms at the level of the cubital fossa to prevent view of the arms. Two experimenters 

were sitting at the opposite side of the table; one performing the pinprick stimulation and 

one collecting the behavioral scores. 

2.3 Induction of increased pinprick sensitivity  

HFS was applied to the volar forearm, 10 cm distal to the cubital fossa and consisted of five 

trains of 100 Hz electrical pulses (pulse width: 2 ms) lasting 1 s each. The time interval 

between each train was 10 s. The intensity of stimulation was individually adjusted to 20x 

the absolute detection threshold to a single pulse (0.29 ± 0.09 mA; mean ± sd). The electrical 

pulses were triggered by a programmable pulse generator (Master-8; AMPI Israel), produced 

by a constant current electrical stimulator (Digitimer DS7A, Digitimer UK), and delivered to 

the skin using a specifically designed electrode designed and built at the Centre for Sensory-

Motor Interaction (Aalborg University, Denmark, see also Van den Broeke and Mouraux, 

2014a; 2014b; Van den Broeke et al., 2016a; 2016b). The cathode consists of 16 blunt 

stainless steel pins with a diameter of 0.2 mm 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. 
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2.4 Mechanical pinprick stimulation  

A custom-built calibrated handheld pinprick stimulator was used to deliver the mechanical 

pinprick stimuli (Van den Broeke et al., 2016a). The stimulator consists of a cylindrical 

stainless steel flat tip probe (diameter: 0.35 mm, uniform geometry) on top of which rests a 

calibrated cylindrical weight. The probe and weight are mounted inside an aluminum tube. 

When applied perpendicular to the skin, the probe and weight slide freely inside the tube. 

Once the probe is maintained against the skin, it generates a constant normal force entirely 

determined by the mass of the probe and weight. 

Two intensities of pinprick stimulation were used (64 and 96 mN). For each intensity of 

pinprick stimulation, each arm (HFS and control arm) and each time point (pre and post), a 

total of thirty stimuli were administered. “The pinprick stimuli were delivered by applying 

the probe, from a distance of approximately 5 mm above the skin, slowly onto the skin and 

moving the tube downwards and upwards with a total duration of approximately one second 

(Van den Broeke et al., 2015; see also video 1)”. The exact timing of stimulation was 

provided through headphones to the experimenter that performed the pinprick stimulation. 

Each trial consisted of a preparation tone (80 ms) followed after 1 sec. by a 1 second tone 

during which the pinprick stimulation was delivered. Each stimulus was delivered 8 seconds 

after the moment the participant reported the quality of sensation and/or rating of the 

preceding stimulus. The pinprick stimulation was always performed by the same 

experimenter. We hypothesized that an optimal control of the applied forces onto the skin 

may improve the reproducibility of the EEG responses and, thereby, increase the signal-to-

noise ratio of PEPs. Therefore, before conducting the experiment, the experimenter who 

performed the pinprick stimulation underwent a training in which he practiced to deliver 
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stable and reproducible forces during pinprick stimulation, using a 6-axis strain-gauge force-

torque transducer (Nano 43, ATI Industrial Automation, Inc., Apex, NC, USA) to provide on-

line feedback of the applied normal and tangential forces. Before training considerable 

variability in the applied normal and tangential forces were observed (Supplementary Figure 

S1). After training the forces generated by the pinprick stimulation were markedly more 

stable. 

The order of presentation of the two pinprick intensities, as well as the arm onto which 

stimuli were first applied (HFS vs. control arm) were counterbalanced across participants. 

“To avoid sensitization of the stimulated skin, the target of the pinprick stimulus was 

displaced after each stimulus (Van den Broeke et al., 2015)”. 

2.5 Intensity and quality of perception  

Participants were asked to indicate directly after each pinprick stimulus whether the 

stimulus was perceived as pinprick, touch or undetected. Participants were familiarized with 

both sensations (touch and pinprick) at the beginning of the experiment by applying gently 

the two sides of a pushpin onto the skin. Moreover, within each block of thirty stimuli, 

participants were asked to rate the intensity of the percept elicited by ten randomly selected 

stimuli using a numerical rating scale (NRS) ranging from 0 (no perception) to 100 (maximal 

pain), with 50 representing the transition from non-painful to painful domains of sensation 

(Van den Broeke and Mouraux, 2014a; 2014b; Van den Broeke et al., 2016a). To assess 

changes in intensity of perception we performed, for both stimulation intensities (64 and 96 

mN), a General Linear Model (GLM) repeated measures ANOVA analysis using two within-

subject factors: time (pre vs. post) and treatment (control vs. HFS arm). The dependent 
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variable was the NRS score (average of the 10 ratings). The level of significance was set at 

p<0.05. For post-hoc tests, p-values were Bonferroni corrected for the number of tests. In 

our case the p-value was divided by two (p<0.025) as we compared the effect of time 

separately for each arm (control and HFS). The statistical analyses were conducted using 

SPSS 18 (SPSS Inc., Chicago, IL, USA). The effect of HFS was assessed using the interaction 

between the factors time and treatment.  

2.6 EEG recording 

“The EEG was recorded using 32 actively shielded Ag-AgCl electrodes that were mounted in 

an elastic cap and arranged according to the international 10-20 system (Waveguard32 cap, 

Advanced Neuro Technologies, The Netherlands, Van den Broeke and Mouraux, 2014a)”. 

Participants were instructed to sit as still as possible and keep their gaze fixed on a black 

cross displayed at a distance of approximately 2 m. “The EEG signals were amplified and 

digitized using a sampling rate of 1000 Hz and an average reference (HS32; Advanced Neuro 

Technologies, The Netherlands). Eye movements were recorded using two surface 

electrodes placed at the upper-left and lower-right sides of the left eye (Van den Broeke and 

Mouraux, 2014a)”. Electrode impedances were kept below 20 kΩ. To generate a trigger in 

the EEG that marked the actual time at which the probe touched the skin, we used a high 

resistance switch triggered by the change in impedance occurring between the probe and a 

ground electrode placed against the skin at the wrist. A thin layer of conductive gel was used 

to lower the impedance between the probe and the skin. The delay between the contact of 

the skin and the generation of the trigger was almost zero (0.046 ± 0.015 ms; Van den 

Broeke et al., 2016a).  
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2.7 EEG analysis  

The EEG signals were analyzed offline using Letswave 6.0 (www.nocions.org/letswave).  

2.7.1 Time-domain analysis  

After applying a 0.3- 30 Hz band pass zero-phase Butterworth filter to the continuous EEG 

recordings, the signals were segmented into epochs extending from -500 to +1500 ms 

relative to stimulus onset. Epochs contaminated by eye movements or eye blinks were 

corrected using an Independent Component Analysis (ICA; (Jung et al., 2000)). Denoised 

epochs were then baseline-corrected (reference interval: -500 to 0 ms) and re-referenced to 

linked earlobes (A1A2). Finally, epochs with amplitude values exceeding ±100 μV were 

rejected as these were likely to be contaminated by artifacts.  

Separate averaged waveforms were computed for each participant, time point (pre and 

post), stimulation site (HFS and control) and stimulation intensity (64 and 96 mN). To assess 

whether there was a significant difference after HFS between PEPs elicited from both 

stimulation sites, we used a non-parametric cluster-based permutation approach (Groppe et 

al., 2011; Maris and Oostenveld, 2007, but see also Van den Broeke et al., 2015; 2016a). The 

advantages of this approach are that it does not rely on the subjective visual identification of 

peaks in the PEP waveforms and that it provides a simple way to solve the problem of 

multiple comparisons (Maris and Oostenveld, 2007). As a first step, we computed, for each 

subject and electrode, difference waveforms assessing the change in PEP waveform at post 

vs. pre at the control arm (control armpost – control armpre) and at the HFS-treated arm (HFS 

armpost – HFS armpre). Then, we performed the cluster-based permutation test on the 

difference waveforms of both arms, thereby testing the time x treatment interaction. Based 



  

 

 

11 
 

on the results of our previous studies (Van den Broeke et al., 2015; 2016a) we performed the 

permutation test only on the midline central-posterior electrodes (Cz and Pz). The test 

consisted of the following steps (adapted from Van den Broeke et al., 2015; 2016a and 

summarized here). “First, the difference waveforms were compared by means of a point-by-

point paired-sample t-test. Then, samples above the critical t-value for a parametric two-

sided test that were adjacent in time were identified and clustered. An estimate of the 

magnitude of each cluster was then obtained by computing the sum of the absolute t-values 

constituting each cluster (cluster-level statistic). Random permutation testing (2000 times) of 

the subject-specific difference waveform of the two arms (performed independently for 

every subject) was then used to obtain a reference distribution of maximum cluster 

magnitude. Finally, the proportion of random partitions that resulted in a larger cluster-level 

statistic than the observed one (i.e. p-value) was calculated. Clusters in the observed data 

were regarded as significant if they had a magnitude exceeding the threshold of the 97.5th 

percentile of the permutation distribution.” This corresponds to a critical alpha-level of 0.05 

when the test is performed at two electrodes (Cz and Pz). 

2.7.2 Time-frequency analysis of low-frequency activities (1-30 Hz)  

A short-time fast Fourier transform (STFFT) with a fixed Hanning window of 500 ms was used 

to decompose the band-pass filtered (0.3-30 Hz) and ICA-denoised EEG signals used for the 

time-domain analysis. The explored frequencies ranged from 1 to 30 Hz. To identify pinprick-

evoked EEG activity that is not necessarily phase-locked to the onset of the pinprick 

stimulus, the STFFT was applied to each single EEG epoch (TF-SINGLE). Then, the single-trial 

time-frequency estimates of oscillation amplitude were averaged across trials, separately for 

each subject and condition. To distinguish phase-locked and non-phase-locked EEG 
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responses in the time-frequency domain, the STFFT was also applied to the averaged 

waveforms obtained after time-domain averaging (TF-AVERAGE). Furthermore, we 

calculated the phase-locking value (PLV) using the single-trial time-frequency estimates of 

phase (Mouraux and Iannetti, 2008). To assess the effect of HFS on the EEG responses 

identified in the time-frequency domain, we used the same non-parametric cluster-based 

permutation approach that was used to analyze signals in the time domain, but applied to 

the TF-SINGLE time-frequency maps obtained at electrodes Cz and Pz. First, we computed 

for each subject difference time-frequency maps assessing the change in amplitude at post 

vs. pre at the control arm (control armpost – control armpre) and at the HFS-treated arm (HFS 

armpost – HFS armpre). Then, we applied the cluster-based permutation test on the difference 

maps of both arms, thereby testing the time x treatment interaction. Importantly, the 

cluster-based permutation test was adapted to cluster adjacent time and frequency points. 

“Clusters in the observed data were regarded as significant if they had a magnitude 

exceeding the threshold of the 97.5th percentile of the permutation distribution”. This 

corresponds to a critical alpha-level of 0.05 when the test is performed at two electrodes. 

Finally, to visualize changes in post-stimulus EEG activity relative to the pre-stimulus baseline 

period, a baseline correction was applied. For this, the average amplitude of the EEG signal 

between -500 and -100 ms relative to stimulus onset was subtracted from each post-

stimulus time point. This was performed separately for each estimated frequency (Hu et al., 

2014). 

2.7.3 Time-frequency analysis of high-frequency activities (30-100 Hz)  

To examine whether pinprick stimulation also elicited changes in the magnitude of high-

frequency activities (>30 Hz), the continuous EEG signals were band-pass filtered using a 30-
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100 Hz band pass zero-phase Butterworth filter and a notch filter between 49 and 51 Hz. 

After segmenting the signals from -500 to +1500 ms relative to stimulation onset, and ICA-

denoising, single-trial time-frequency estimates of signal amplitude and phase were 

generated using as short-time fast Fourier transform (STFFT) with a fixed Hanning window of 

200 ms. The explored frequencies ranged from 30 to 100 Hz. The obtained time-frequency 

estimates were analyzed using the same approach used for the analysis of low-frequency 

activities. To visualize changes in post-stimulus EEG activity relative to the pre-stimulus 

baseline period, the same baseline correction method as for the low-frequency activities was 

applied but between -500 and 0 ms relative to stimulus onset. A common issue of high-

frequency activities recorded using scalp EEG electrodes is that these activities are not 

necessarily of electro-cortical origin but instead, can reflect muscular activity and/or eye-

movement related activity (Muthukumaraswamy, 2013). For this reason, the same analyses 

(but without ICA) were performed using the bipolar EOG recordings obtained from the two 

surface electrodes placed at the upper-left and lower-right sides of the left eye. 

3. RESULTS 

3.1 Intensity of perception 

HFS induced a clear increase in pinprick sensitivity at the HFS arm, as shown by the changes 

in the intensity of the percept elicited by both 64 mN and 96 mN pinprick stimulation (Figure 

2A). This was confirmed by the repeated-measures ANOVA, which showed a significant time 

× treatment interaction for both the 64 mN stimulus (F (1, 15) = 61.279, p < .001, partial η2 = 

.803) and the 96 mN stimulus (F (1, 15) = 60.428, p < .001, partial η2 = .801). Post-hoc tests 

showed, for both intensities, a statistically significant increase of the perceived intensity at 
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the HFS-treated arm after HFS (64 mN: paired t-test; t (15) = -6.827, p < .001; 90 mN: t (15) = 

-8.172, p < .001). No significant changes in perceived intensity were observed at the control 

arm. 

 

3.2 Quality of perception 

Before applying HFS, both the 64 mN and the 96 mN pinprick stimuli were qualified as 

‘pinprick’ in approximately 75% of the trials, and as ‘touch’ in the remaining 25% of the trials 

(Figure 2B). This was also the case for the pinprick stimuli delivered to the control arm after 

HFS. In contrast, almost all pinprick stimuli delivered to the treated arm after HFS were 

qualified as ‘pinprick’.  

3.3. Time-domain analysis of PEPs 

Both the 64 mN and the 96 mN pinprick stimuli elicited a clear positive wave peaking 

approximately 350 ms after stimulus onset (Figure 3 and 4). As compared to the PEP 

waveforms obtained in our previous studies (Van den Broeke et al., 2015; 2016a), the signal-

to-noise ratio of this response was clearly increased (Supplementary Figure S2).  

3.3.1 PEPs elicited by the 64 mN pinprick stimulus  

The group-level average waveforms of the PEPs elicited by the 64 mN stimulation are shown 

in Figure 3A. The results of the cluster-based permutation test performed on the PEP 

difference waveforms (post vs. pre HFS) of both arms (control vs. HFS) revealed a cluster 

having a p-value smaller than the critical alpha level of 0.025 at both electrode Cz (Fig. 3B) 

and Pz. The cluster at Cz extended between 290 and 460 ms (p=0.0046). The cluster at Pz 
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extended between 320 and 470 (p=0.0013). To assess whether the difference in PEP 

amplitude after HFS was due to an increase of PEP amplitude at the HFS-treated arm, a 

decrease of PEP amplitude at the control arm, or both, we performed post-hoc tests (paired 

t-tests, two-sided, Bonferroni corrected) on the individual mean amplitude values calculated 

within the cluster. The paired t-tests revealed a significant increase in mean PEP amplitude 

after HFS compared to before HFS at the HFS arm, both at electrode Cz (t (15) =-3.375, 

p=0.004, Figure 3C), and at electrode Pz (t (15) =-4.486, p<.001). No significant changes in 

mean PEP amplitude were observed for the control arm. The increase in PEP amplitude was 

maximal at central-posterior scalp electrodes (Fig. 3D). 

3.3.2 PEPs elicited by the 96 mN pinprick stimulus  

The group-level average waveforms of the PEPs elicited by 96 mN stimulation are shown in 

Figure 4. The permutation test did not identify any cluster having a p-value smaller than the 

critical alpha level of 0.025. 

3.4 Time-frequency analysis of low-frequency activities (1-30 Hz) 

3.4.1 EEG responses elicited by the 64 mN pinprick stimulus  

The group-level average TF-SINGLE time-frequency map of EEG amplitude measured at 

electrodes Cz is shown in Figure 5A. This map shows that the pinprick stimulus elicited (1) a 

marked increase of low-frequency activities (<5 Hz) extending between 150-400 ms in the 

time domain and (2) a long-lasting decrease of alpha-band oscillations extending between 

300-600 ms in the time domain and 7-10 Hz in the frequency domain. The same increase of 

low-frequency activities was observed in the TF-AVERAGE time-frequency map (Figure 5B), 

indicating that this response corresponded to the time-frequency representation of the PEP 
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identified in the time domain. This was also confirmed by the PLV time-frequency map, 

(Figure 5C) showing that, at these latencies and frequencies, the EEG signals were markedly 

phase-locked to the stimulation onset. The group-level average time-frequency maps 

obtained at both time points (pre and post HFS) and arms (control and HFS) are shown in 

Figure 6A. The results of the cluster-based permutation test performed on the difference TF-

SINGLE time-frequency maps (post vs. pre HFS) of both arms (control vs. HFS) revealed a 

positive cluster having a p-value smaller than the critical alpha level of 0.025 both at 

electrode Cz (p=0.0052; Fig. 6B), and at electrode Pz (p=0.0242). This cluster clearly 

circumscribed the phase-locked low-frequency response corresponding to the PEP identified 

in the time-domain. To assess whether the difference in magnitude of the low frequency 

response after HFS was due to an increase at the HFS-treated arm, a decrease at the control 

arm, or both, we performed post-hoc tests (paired t-tests, two-sided, Bonferroni corrected) 

on the individual mean amplitude values calculated within the cluster, at electrode Cz. The 

paired t-tests revealed a significant increase in mean amplitude after HFS compared to 

before HFS at the HFS arm (t (15) =-6.217, p<0.001, Figure 6C). No significant changes in 

mean amplitude were observed for the control arm. 

3.4.2. EEG responses elicited by the 96 mN pinprick stimulus  

The group-level average time-frequency maps obtained at both time points (pre and post 

HFS) and arms (control and HFS) are shown in Figure 7A. Such as for the 64 mN stimulus, the 

cluster-based permutation test revealed a positive cluster having a p-value smaller than the 

critical alpha level of 0.025 at electrode Cz (p=0.0090; Fig. 7B). Again, this cluster clearly 

circumscribed the phase-locked low-frequency response corresponding to the PEP identified 

in the time-domain. No cluster with a p-value smaller than the critical alpha level of 0.025 
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was identified at electrode Pz. To assess whether the difference in low frequency response 

after HFS was due to an increase at the HFS-treated arm, a decrease at the control arm, or 

both, we performed post-hoc tests on the individual mean amplitude values calculated 

within the cluster, at electrode Cz. The paired t-tests revealed a significant increase in mean 

amplitude after HFS compared to before HFS at the HFS arm (t (15) =-3.310, p=0.005, Figure 

7C). No significant changes in mean amplitude were observed for the control arm. 

3.5 Time-frequency analysis of high-frequency activities (30-100 Hz) 

3.5.1 High frequency activity elicited by the 64 mN pinprick stimulus  

The group-level average time-frequency maps of high-frequency activities are shown in 

Figure 8. The permutation testing did not reveal any cluster having a p-value smaller than 

the critical alpha level of 0.025. 

3.5.2 High frequency activity elicited by the 96 mN pinprick stimulus  

The group-level average time-frequency maps of high-frequency activities are shown in 

Figure 9A. The permutation testing revealed two clusters having a p-value smaller than the 

critical alpha level of 0.025 for electrode Cz (Fig. 9B). The first cluster extended between 600-

1000 ms and 40-90 Hz (p=0.017), the second cluster between 1000-1500 ms and 30-100 Hz 

(p=0.0061). For electrode Pz, the permutation test revealed a cluster between 800-1500 ms 

and 30-100 Hz (p=0.0077).  

Crucially, the same increase of high-frequency activities was observed in the bipolar 

recordings of the EOG signals (Supplementary Figure S3). In fact, the increase in high-

frequency activities was clearly more prominent in the signals recorded by these 
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extracephalic electrodes as compared to the signals recorded from the scalp, indicating that 

these activities most probably corresponded to electromyographic activity triggered by the 

pinprick stimulation. 

 

3.6 Effect size comparison between time-frequency and time domain analysis 

The effect size of the increase in amplitude of low frequency EEG activities identified in the 

time-frequency domain at electrode Cz for the 64 mN stimulus (partial η2 = .685) was larger  

than the effect size of the increase in PEP amplitude identified in the time domain (partial η2 

= .572). 

  

4. DISCUSSION 

The present study confirms that pinprick stimulation applied to the area of secondary 

hyperalgesia elicits a significantly increased PEP that is most prominent when an 

intermediate stimulation intensity is used (64 mN), and not so readily identifiable when a 

stronger stimulation intensity is used (96 mN). Such as in our previous studies (Van den 

Broeke et al., 2015; 2016a), this enhancement involved a positive wave extending 300-400 

ms after stimulation onset, and maximal at central-posterior electrodes. A similar 

enhancement was observed when analyzing the EEG signals in the time-frequency domain. 

This enhancement circumscribed a low frequency (<5 Hz) EEG response extending 150-400 

ms after stimulus onset. This low-frequency response was largely phase-locked to the onset 

of stimulation, indicating that it predominantly corresponded to the time-frequency 
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representation of the PEP identified in the time domain. Interestingly, a significant 

enhancement of this response was observed for both the 64 mN stimulation and the 96 mN 

stimulation, suggesting that time-frequency analysis may be more sensitive than 

conventional time-domain analysis for detecting HFS-induced differences in pinprick-evoked 

EEG responses. Time-frequency analysis of the EEG signals also showed that the pinprick 

stimulus induced a reduction of the magnitude of alpha-band oscillations (7-10 Hz). 

However, this response was largely unaffected by HFS. Finally, time-frequency analysis of 

high-frequency EEG oscillations showed a clear increase in the magnitude of high frequency 

(30-100 Hz) activities. However, this increase of high-frequency activities was most 

pronounced in the electro-oculogram, indicating that these high-frequency signals did not 

originate from brain activity and instead, most probably resulted from changes in muscle 

activity. 

 

4.1 The increase in PEP magnitude is maximal for intermediate intensities of pinprick 

stimulation  

The results of the present study confirm those of our previous studies (van den Broeke et al., 

2015; 2016a) showing that the increase of PEP magnitude associated with secondary 

hyperalgesia is more prominent for stimuli of intermediate intensity (64 mN) as compared to 

stimuli of higher intensity (96 mN). The latency at which the increase in PEP was observed in 

the present study (290-470 ms) was similar to that of our previous study (van den Broeke et 

al., 2015), and is compatible with the conduction velocity of A-fiber nociceptors. It remains 

unclear why the enhancement of PEPs is maximal at intermediate intensities of stimulation 

(64 mN), whereas a similar increase in pinprick perception is observed at both intermediate 
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and high intensities of stimulation (64 and 96 mN). In our previous study using capsaicin to 

induce increased pinprick sensitivity, we found a non-linear inverted U-shape relationship 

between pinprick stimulation intensity and PEP enhancement. One possibility, although 

speculative, could be that of a ceiling effect: at high intensities of stimulation, the PEP 

elicited at baseline may have already reached a maximum, and is thus not further enhanced 

after HFS (Van den Broeke et al., 2015).  

 

4.2 Time-frequency analysis of PEPs  

Time-frequency analysis of the EEG signals showed that, in addition to eliciting a phase-

locked PEP, mechanical pinprick stimulation also induced a long-lasting decrease of the 

magnitude of alpha-band EEG oscillations (7-10 Hz), a phenomenon that is also observed for 

other sensory stimuli, including nociceptive laser stimulation (Mouraux et al., 2003; Ploner et 

al., 2005). However, this alpha-band desynchronization did not appear to be affected by HFS.  

In contrast, a marked increase of the power within high frequency bands (30-100 Hz) was 

observed after HFS. However, this increase of power at high-frequencies was most 

prominent in the electro-oculographic signals recorded from the bipolar electrodes located 

around the eyes, indicating that this activity predominantly reflected muscular activity 

(Supplementary Figure S2). Finally, although some previous studies suggested that 

nociceptive laser stimuli may elicit an early-latency enhancement of high-frequency activities 

within the range of gamma oscillations, maximal at contralateral central electrodes (Gross et 

al., 2007; Zhang et al., 2012; Hu et al., 2014; Tu et al., 2016), no such enhancement was 

observed in the present study.  
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Although the time-frequency analysis did not identify non-phase-locked EEG responses that 

were modulated by HFS, it did appear to be more sensitive at identifying the HFS-induced 

change of magnitude of the phase-locked low-frequency PEP. Indeed, a significant 

enhancement of the time-frequency representation of this component was observed not 

only for the 64 mN stimulus, but also for the 96 mN stimulus. This could be explained by the 

fact that estimates of response magnitude obtained in the time-frequency domain are not 

strongly affected by temporal jitter (Mouraux and Iannetti, 2008). In contrast, across-trial 

jitter in response latencies is known to have a strong effect on the magnitude of ERP 

waveforms obtained after across-trial averaging in the time domain (Mouraux and Iannetti, 

2008).  

 

4.3 Improving the reproducibility of mechanical pinprick stimulation enhances the SNR of 

pinprick-evoked brain potentials   

In our previous studies (van den Broeke et al., 2015; 2016a), the signal-to-noise ratio of PEPs 

was low, possibly because of the large variability in applied forces across stimulus 

repetitions. In the present study, we improved the reproducibility of the applied mechanical 

pinprick stimuli, and found that this enhances the SNR of PEPs. This has important 

implications for the potential clinical use of PEPs. First, because the possibility to record 

these responses with a higher SNR opens the possibility to interpret these responses at 

individual level. Second, because it shows the importance of applying the stimuli in an 

operator-independent fashion, for example, by developing a robotic system to deliver the 

stimuli.  
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4.4 Clinical usefulness of pinprick-evoked EEG responses  

Secondary hyperalgesia, manifested as increased pinprick sensitivity, is thought to be the 

result of central sensitization (Baumann et al., 1991; LaMotte et al., 1991; Simone et al., 

1991). Neuropathic pain is often accompanied by mechanical hyperalgesia (Jensen and 

Finnerup, 2014; Maier et al., 2010) that is very similar to secondary hyperalgesia. The 

recording of pinprick-evoked EEG responses could constitute a way to reliably assess the 

functional status of mechanical nociceptive pathways and to provide a less subjective 

measure for central sensitization.   

 

4.5 Conclusion 

The present study shows that the detection of the enhanced EEG responses to mechanical 

pinprick stimuli associated with secondary hyperalgesia can be improved (1) by assessing the 

magnitude of pinprick-evoked EEG responses in the time-frequency domain and (2) by 

optimizing the reproducibility of pinprick stimulation. 
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FIGURE LEGENDS 

Figure 1. Experimental set-up. (A) High frequency electrical stimulation of the skin (HFS) was 

applied to left or right volar forearm. Two different intensities of pinprick stimulation (64 

and 96 mN) were applied to the skin surrounding the area onto which HFS was applied as 

well as to the same skin area on the contralateral arm, which served as control. (B) 

Characteristics of the HFS electrode. (C) The effect of HFS on the perception and brain 

responses elicited by the pinprick stimuli was assessed at two different time-points: before 

HFS and 20 minutes after applying HFS. 

 

Figure 2. Effect of HFS on intensity and quality of perception elicited by the two pinprick 

intensities (64 and 96 mN). (A) Group-level average and standard deviation of the intensity 

of perception before and twenty minutes after applying HFS (numerical rating scale, NRS). 

Asterisks denote a statistically significant increase of the NRS scores after HFS at the HFS 

arm. (B) Group-level average proportion of trials reported as ‘pinprick’, ‘touch’ or 

‘undetected’. Almost all pinprick stimuli were perceived as ‘pinprick’ after HFS at the HFS 

arm. 

 

Figure 3. (A) Group-level pinprick-evoked brain potentials recorded at Cz and elicited by the 

64 mN stimulation intensity before and after applying HFS. (B) Group-level average 

difference waveforms (post minus pre HFS). The grey box shows the time-window during 

which the two waveforms were significantly different. (C) Individual amplitude of PEPs 

averaged within the time window in which the difference waveforms were significantly 

different. (D) Temporal evolution of the scalp topography within the time window in which 

the difference waveforms were significantly different. Shown is the difference in subtracted 
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waveforms (HFSpost-HFSpre minus controlpost-controlpre). Red and blue colours indicate an 

increase and decrease in PEP amplitude, respectively. Scalp topographies were flipped for 

the participants that received HFS to their left arm.  

Figure 4. (A) Group-level pinprick-evoked potentials recorded at Cz and elicited by the 96 

mN stimulation intensity before and after applying HFS. (B) Group-level difference 

waveforms (post minus pre HFS). No significant difference between the two difference 

waveforms was observed. 

Figure 5. Group-level average time-frequency maps of low-frequency EEG activities (1-30 Hz) 

identified at electrode Cz including all time points (pre and post HFS) and sites (control and 

HFS arm), for the 64 mN stimulation intensity. (A) The TF-SINGLE maps are generated by 

averaging across trials the time-frequency maps of EEG amplitude obtained by applying the 

STFFT at single-trial level, thus revealing both phase-locked and non-phase-locked changes in 

EEG amplitude. (B) The TF-AVERAGE maps are generated by applying the STFFT to the time-

domain average waveform, thus revealing only changes in the EEG signals that are phase-

locked across trials. (C) Group-level average time-frequency maps of phase-locking value 

(PLV). Greater PLV values indicate time-frequency points at which the EEG signal is phase-

locked across trials.  

Figure 6. (A) Group-level average time-frequency maps of low-frequency EEG activities (1-30 

Hz) obtained in the TF SINGLE transform at electrode Cz for the 64 mN stimulation intensity, 

pre and post HFS, at the control and HFS arm. (B) Time-frequency distribution of the cluster 

showing a significant increase of low-frequency activities. (C) Individual amplitude values of 
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the low frequency EEG activity within the cluster, pre and post HFS, at the control and HFS 

arm.  

Figure 7. (A) Group-level average time-frequency maps of low-frequency EEG activities (1-30 

Hz) obtained in the TF SINGLE transform at electrode Cz for the 96 mN stimulation intensity, 

pre and post HFS, at the control and HFS arm. (B) Time-frequency distribution of the cluster 

showing a significant increase in low-frequency activities. (C) Individual amplitude values of 

the low frequency EEG activity within the cluster, pre and post HFS, at the control and HFS 

arm.  

Figure 8. Group-level average time-frequency maps of high-frequency EEG activities (30-100 

Hz) obtained in the TF SINGLE transform at electrode Cz for the 64 mN stimulation intensity, 

pre and post HFS, at the control and HFS arm. No significant increase in high-frequency EEG 

activity respective to baseline and control arm was observed.  

Figure 9. (A) Group-level average time-frequency maps of high-frequency EEG activities (30-

100 Hz) obtained in the TF SINGLE transform at electrode Cz for the 96 mN stimulation 

intensity, pre and post HFS, at the control and HFS arm. (B) Time-frequency distribution of 

the cluster showing a significant increase in high-frequency activities.  
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SUPPLEMENTARY MATERIAL (Figures S1-3, video 1) 

 

Supplementary Figure S1. Force profiles obtained during pinprick stimulation (64 mN) 

before and after training using force feedback. Shown are the normal forces (A) and 

tangential forces (B). Black waveforms represent the average of 30 trials. Grey waveforms 

represent the standard deviation. 

 

Supplementary Figure S2. Group-level average pinprick-evoked brain potentials (electrode 

Pz), merged for left and right arms and elicited by stimulation of non-sensitized skin in 

previous studies (Van den Broeke et al. 2015; Van den Broeke et al. 2016a) and in the 

present study. The figure shows the improved signal-to-noise ratio of PEPs obtained in the 

present study as compared to previous studies. This difference is attributed to the improved 

reproducibility of mechanical pinprick stimulation. 

 

Supplementary Figure S3. Group-level average time-frequency maps of the EOG signal (30-

100 Hz) obtained using the TF SINGLE transform, pre and post HFS, at the control and HFS 

arm, for electrode Cz (A) and electrode Pz (C). Panels B and D shows the significant increase 

in high-frequency activity respective to baseline and control arm for the 64 mN (B) and 96 

mN (D). 

 

Video 1. Demonstration of pinprick stimulation. 
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