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What’s already known about this topic?

 Secondary hyperalgesia is thought to result mainly from central sensitization, which may 

be an important feature of persistent pain

 Electrical high-frequency stimulation is a non-invasive, easily applicable, inexpensive and 

well-controlled method that induces secondary hyperalgesia in humans

What does this study add?

 This study evaluated the within- and between-session reliability of the secondary 

hyperalgesia induced by electrical high-frequency stimulation

Significance: It is crucial to evaluate central sensitization adequately in humans. This study 

formally establishes the reliability of secondary hyperalgesia induced by electrical high-frequency 

stimulation. The results of this study will improve future studies investigating secondary 

hyperalgesia in humans.
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WITHIN- AND BETWEEN-SESSION RELIABILITY OF SECONDARY HYPERALGESIA INDUCED BY 

ELECTRICAL HIGH-FREQUENCY STIMULATION 

 

 

ABSTRACT 

Background. An increasing number of studies are focusing on secondary hyperalgesia to better 

understand central sensitization, as this phenomenon may play an important role in persistent pain. 

Recent studies have shown that, compared to the classical high frequency stimulation protocol (HFS) 

at 100 Hz, a protocol using 42 Hz stimulation induces a more intense and a larger area of secondary 

hyperalgesia (SH).  

Objectives. The aim of this study was to investigate the within- and between-session reliability of SH 

induced by this optimized HFS protocol. 

Methods. Thirty-two healthy subjects received HFS to their volar forearm in two sessions, separated 

by at least two weeks. SH was assessed by measuring the area size of increased sensitivity to 

pinprick stimuli after applying HFS, the sensitivity to pinprick stimuli after applying HFS, and the 

change in pinprick sensitivity after vs. before HFS. Assessments were made before HFS, and 30, 35 

and 40 minutes after HFS. Relative and absolute reliability were analyzed using intra-class correlation 

coefficients (ICCs), coefficients of variation (CVs), standard error of means (SEMs) and the minimum 

detectable changes (MDCs). 

Results. The area of SH showed good to excellent within-session and between-session relative 

reliability (ICCs > 0.80), except for the change in pinprick sensitivity, which showed close to poor 

between-session relative reliability (ICC=0.53). Furthermore, measures of absolute reliability 

generally demonstrated large between-subject variability and significant fluctuations across 

repeated measurements. 

Conclusions. HFS-induced hyperalgesia is suitable to discriminate or compare individuals but it may 

not be sensitive to changes due to an intervention.  
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1. INTRODUCTION 

Tissue injury is generally associated with increased pain sensitivity in the area of actual 

tissue damage (i.e., primary hyperalgesia) as well as the surrounding uninjured skin (i.e., 

secondary hyperalgesia) (Treede et al., 1992). Whereas primary hyperalgesia involves 

increased pain sensitivity to mechanical and heat stimuli, secondary hyperalgesia (SH) 

predominantly involves increased pain sensitivity to mechanical stimuli (Vollert et al., 2018). 

Primary hyperalgesia likely results from both peripheral and central sensitization, while SH is 

thought to result mainly from central sensitization (Baumann et al., 1991; Simone et al., 

1991).  

A large number of studies have focused on SH to better understand central sensitization, 

which may be an important feature of persistent pain (Arendt-Nielsen et al., 2018; Woolf, 

2011). This is supported by evidence in musculoskeletal disorders and in postsurgical pain, 

as the area size of SH induced by capsaicin was found to be substantially increased in 

patients with fibromyalgia (Morris et al., 1998), and a larger area of SH surrounding the 

surgical incision within the first week after surgery seems associated with the development 

of persistent postsurgical pain (Lavand’homme et al., 2005; Martinez et al., 2012; Momeni 

et al., 2010).  

Several experimental methods have been developed to induce SH. These include 

intradermal capsaicin injection or topical capsaicin application (Koltzenburg et al., 1992; 

LaMotte et al., 1991; Magerl et al., 1998), heat stimulation (Hansen et al., 2016a; Werner et 

al., 2013), the combination of capsaicin and heat stimulation (Werner et al., 2013), and 

electrical stimulation at high (Klein, 2004) or low  frequencies (Sauerstein et al., 2018). 

However, some of these methods have drawbacks. Intradermal capsaicin injections are 

invasive procedures and the after-effects could be dependent on how deep the capsaicin is 

injected. Moreover, topical application relies on the absorption of capsaicin into the skin, 

which is variable across subjects (Pershing et al., 2004). In contrast, electrical stimulation, 

delivered using a specifically designed electrode to preferentially activate free nerve endings 

in the skin is non-invasive, easily applicable, inexpensive, and stimulates the axon directly 

resulting in a highly synchronized afferent activity (Staahl and Drewes, 2004). In addition, 

capsaicin or heat typically induces after-sensations, which is not the case for electrical 

stimulation. Furthermore, parameters such as the pattern and frequency of electrical 
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stimulation can be easily controlled, which has recently led to the finding that burst-like 42 

Hz stimulation seem the optimal parameters for inducing SH (Van Den Broeke et al., 2019; 

Gousset et al., 2019). 

No study has examined the reliability of SH induced after burst-like 42 Hz stimulation (High 

frequency stimulation, HFS). However, this is crucial for future studies that aim at 

investigating central sensitization, manifested as SH, in humans.  

Therefore, the aim of this study was to assess the within- and between-session reliability of 

SH induced by 42 Hz HFS. Furthermore, we assessed the reliability of secondary outcomes 

including reported pain, stress, anxiety, catastrophizing, and autonomic responses evoked 

by HFS. 
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2. MATERIALS AND METHODS 

2.1 Subjects 

Thirty-two healthy volunteers participated in this study (16 females, 23.5 ± 3.1 years [mean 

± SD]) and 16 males (27.8 ± 6.4 years). This number was based on a sample size calculation 

analysis (Bonett, 2002), which showed that, based on our design, a random sample of 32 

subjects was required to produce a two-sided 95% confidence interval for intraclass 

correlation coefficients (ICCs), with a distance between the lower and the upper confidence 

limit of 0.100. Based on a secondary analysis of the area size of SH of a previous within-

subject cross-over study (Van Den Broeke et al., 2019, Exp 1), the value of the ICC for the 

area size of increased pinprick sensitivity was estimated as 0.9.  

All subjects were healthy adults recruited by advertisement. Exclusion criteria were: (1) 

experiencing a pre-existing pain condition; (2) self-reported medication (except 

contraceptives) consumption in the 48 hours preceding the study and/or self-reported 

recreational drug use; (3) presenting any self-reported medical conditions, including heart, 

neurological, dermatological, and psychiatric diseases; (4) exhibiting sign of damage at or 

near the volar forearm; (5) presence of tattoos on the tested forearm. 

The study was approved by the local Ethical Committee and conducted according to the 

declaration of Helsinki, with preregistration (NCT03966508), at the Institute of Experimental 

and Clinical Research (IREC), Brussels, Belgium, from April 2019 to August 2019. All subjects 

provided informed consent and received financial compensation. They were not informed 

that this study was designed to assess reliability. 
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2.2 Design 

In this within-subject design, subjects received HFS to their volar forearm (6-10 cm distal to 

the cubital fossa) in two sessions, separated by at least two weeks.  

During each session (Fig. 1) pinprick sensitivity was measured before HFS (M0), 30 min after 

HFS (M1), 35 min after HFS (M2) and 40 min after HFS (M3). At the three post-HFS 

measurements also the area size of increased pinprick sensitivity was measured. The time 

points of the post-HFS measurements were chosen based on previous studies showing that 

the increased pinprick sensitivity induced by HFS reaches its plateau between 20 and 40 

minutes (Klein, 2004; Pfau et al., 2011). 

INSERT FIGURE 1 HERE 

2.3 Procedure 

The study was conducted in a quiet secluded room. The two sessions for each subject took 

place in the afternoon. Subjects were asked to refrain from drinks containing caffeine, 

nicotine, alcohol beverages, medication (except contraceptives) and intense physical activity 

the day of testing.  

At baseline, demographic characteristics (gender, age, height, weight, hand dominance) 

were collected. During HFS and mechanical pinprick testing, subjects were seated in a 

comfortable chair, with their palms up resting on a table. The instructions to the subject 

were standardized across subjects. All procedures were conducted by the same investigator, 

who was trained in performing the mechanical pinprick testing and in applying HFS.  
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2.3.1 High-frequency electrical stimulation (HFS) 

Before attaching the HFS electrode onto the skin, the skin was first cleaned with ether and 

alcohol. Then, the electrical detection threshold to a single square wave electrical pulse 

(pulse-width 2 ms) was determined using the methods of limits. The threshold was defined 

as the intensity at which a subject detected the electrical stimulus. The intensity of the first 

stimulus was set at 0.30 mA. Then, the intensity of subsequent stimuli decreased until the 

stimulus was no longer detected. The threshold was confirmed by at least two ascending 

and descending stimuli with intensities just below and above the threshold. Subjects were 

blinded to the intensity and timing of stimulation.  

After determining the electrical detection threshold, HFS was applied. HFS consisted of 12 

trains of 42 electrical pulses (charge compensated pulse shape: biphasic pulse consisting of 

a 2-ms square-wave pulse followed, after a 0.1 ms delay, by a 4-ms compensation pulse of 

opposite polarity having half the intensity of the first pulse) lasting for 1 second each and 

delivered in a 10 second inter-train interval (Van Den Broeke et al., 2019). The total duration 

of the stimulation protocol was 2 minutes. The stimulation intensity of HFS was set to 5 mA 

for all subjects and sessions.  

The electrical pulses were triggered by a digital-analogue interface (National Instruments, 

Austin, USA) controlled by Matlab 2014B (The Mathworks Inc., Natick, USA) and delivered 

using a constant current electrical stimulator (Digitimer DS5, Digitimer, UK) to the skin via a 

custom electrode designed and built at the Centre for Sensory-Motor Interaction (Aalborg 

University, Denmark). The cathode of this electrode consisted of 16 blunt stainless-steel pins 

with a diameter of 0.2 mm, protruding 1 mm from the base and placed in a circle with a 

diameter of 10 mm. The anode was a stainless-steel ring with an inner diameter of 22 mm 

and an outer diameter of 40 mm (Van Den Broeke et al., 2019).  

To avoid any confounding effect of handedness, the arm onto which high-frequency 

stimulation (HFS) was applied (dominant vs nondominant) was counterbalanced across 

subjects.  

2.4 Primary outcomes  

2.4.1 Perceived intensity elicited by mechanical pinprick stimuli  
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To assess the perceived intensity elicited by mechanical pinprick stimuli, a calibrated 

mechanical pinprick stimulator, exerting a normal force of 128 mN (MRC Systems GmbH, 

Heidelberg, Germany) was used.  

The mechanical pinprick stimuli were delivered before and after HFS within a circular area 

15-20 mm from the center of the area at which HFS was delivered. At each measurement a 

total of three stimuli were delivered. To avoid sensitizing the skin due to the repeated 

pinprick stimulation, the stimuli were not delivered twice at the same exact location.  

Subjects were instructed to rate the average perceived intensity of the three stimuli on 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 (Cayrol et al., 

2018). We analyzed two different outcomes regarding the perceived intensity elicited by the 

pinprick stimuli. The first outcome was the rating of perceived intensity after HFS and the 

second outcome was the change in perceived intensity (i.e. after HFS minus before HFS).  

2.4.2 Estimated area size of increased pinprick sensitivity 

At all three post-HFS measurements, after collecting the perceived intensity ratings, we 

estimated the area size of the increased pinprick sensitivity. For this, we stimulated the skin 

with the 128 mN pinprick stimulator along two perpendicular axes originating from the 

center of the area at which HFS was delivered.  

Proximal-distal and medial-lateral axes were drawn on the skin at the beginning of the 

experiment using a felt-tip pen. For evaluating the proximal and distal borders of the area of 

increased pinprick sensitivity, mechanical pinprick stimulations started respectively at the 

lower third of the ventral arm and at the wrist. For the medial and lateral borders, 

mechanical pinprick stimulations started about 7-10 cm (depending on the size of the 

forearm) away from the center of the area at which HFS was delivered. Subjects were asked 

to progressively rotate their forearm so that the mechanical pinprick stimulator was always 

perpendicular to the skin.  

Each stimulus was separated by steps of 0.5 cm, at a pace of 1-second stimulation and 1-

second interval, in the direction of the HFS site (Hansen et al., 2016b; Werner et al., 2013). 

During the mapping process, subjects kept their eyes closed and were instructed to say 
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“now” when they felt “a clear increase of pinprick sensitivity”. When the subjects identified 

this increase for the first time, they kept their eyes closed and the pinprick stimulation was 

delivered again 1 cm away from this point. Then, stimulations moved again towards the 

center. If this time the subject reported an increase in pinprick sensitivity at the same 

location, the mapping process stopped. If the border was not confirmed, the mapping 

process was carried on towards the center.  

The total area size of increased pinprick sensitivity was estimated with a custom-written 

Python script, which determined the area based on a virtual polygon connecting the four 

borders of the area with the best-fit parabolic segments. 

2.5 Secondary outcomes  

2.5.1 Borders and extent of the area of increased pinprick sensitivity 

As secondary outcomes we analyzed individually the distal (D) lateral (L), proximal (P) and 

medial (M) borders and the length (D+P) and width (L+M) of the area of increased pinprick 

sensitivity. 

2.5.2 Trait and State Anxiety 

Anxiety was determined by the French version of the State-Trait Anxiety Inventory (STAI) 

(Gauthier and Bouchard, 1993). The STAI-Y2, assessing ‘trait’ anxiety was filled in by the 

subjects at least one day before the study. Moreover, the STAI-Y1 was used to measure 

‘situational’ anxiety immediately before HFS. 

2.5.3 Pain catastrophizing 

Dispositional pain catastrophizing was assessed at least one day before the first 

experimental session with the French version of the pain catastrophizing scale (Sullivan et 

al., 1995). Pain catastrophizing related to HFS was assessed by the Situational 

Catastrophizing Questionnaire (Campbell et al., 2010) directly after HFS. 

2.5.4 Heart-rate variability (HRV) 

Variation in the time interval between heartbeats was measured as an index of arousal 

elicited during HFS. The time elapsing between two normal R-peaks in the 

electrocardiogram (NN intervals) was collected with a Polar H10 HR monitor with a Pro 
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Strap (Polar Electro Oy, Kempele, Finland) (Gilgen-Ammann et al., 2019) at rest (seated on a 

chair without talking) and during the 2 min stimulation procedure. 

Abnormal R-peaks (artefacts) were removed with the Elite HRV software (Elite HRV LLC, 

Asheville, USA). Ultra-short heart rate variability (HRV) indices were analyzed with Kubios 

HRV Standard 3.2.0 for Macintosh (The Biomedical Signal and Medical Imaging Analysis 

Group, Kuopio, Finland) (Tarvainen et al., 2014) based on recent recommendations and 

international guidelines (Castaldo et al., 2019; Malik, 1996).  

Time domain HRV indices included the NN mean value (MeanNN) and standard deviation 

(StdNN); Heart Rate mean (MeanHR) and standard deviation (StdHR); the square root of the 

mean of the sum of the squares of differences between adjacent NNs, divided by the 

number of NNs minus 1 (RMSSD); the number of pairs of successive NNs that differed by 

more than 50 ms (NN50) and their proportion (pNN50). Frequency domain indices extracted 

from power spectrum estimated with autoregressive model methods included high-

frequency power (HF), low frequency power (LF), and the LF/HF ratio. Non-linear analysis 

indices included the standard deviations of the points perpendicular to (SD1) and along 

(SD2) the line-of-identity obtained from Poincaré plots, which is a graphical presentation of 

the correlation between consecutive NN intervals.  

2.5.6 Perceived stress 

Perceived stress was assessed by asking subjects to rate, directly after HFS, their perceived 

level of stress during HFS using a numerical rating scale ranging from 0 (no stress) to 100 

(maximal stress).  
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2.6 Statistical analysis  

2.6.1 Primary outcomes 

Multiple steps were followed to examine the reliability of the primary outcomes.  

First, scatterplots were created to visualize the within- and between-session reliability, 

checking for extreme outliers and general trends. Mean values and standard deviations 

(SDs) were reported. 

Second, we checked for potential within- and between-session systematic errors. Within-

session differences for each outcome were tested either with one way repeated-measures 

ANOVA or the Friedman test depending on the normality of the data distribution (Dontje et 

al., 2018). Between-session differences for the average of Session 1 versus Session 2 were 

tested using either the paired T-test or the Wilcoxon signed rank test. 

Third, the relative reliability was assessed by estimating ICCs, which is an index related to 

the relative contribution of between-subject variance to the total variance (Portney, 2020). 

The distribution of the data for all outcome variables was checked for normality using 

histograms and Q-Q plots. There were no major deviations from normality and the 

homogeneity of variance criterion was met in all cases, therefore we calculated ICCs using 

parametric statistical tests. Within-session relative reliability was calculated with a single-

measurement, absolute agreement, two-way mixed-effects model (Koo and Li, 2016). 

Between session relative reliability was assessed with a mean-rating for each session (k=3), 

absolute agreement, two-way mixed-effects model. Significance level was set to 0.05. We 

also compared the first, second and third measure of the first session with the first, second 

and third measure of the second session with a single-measurement, absolute agreement, 

two-way mixed-effects model. ICCs were interpreted as such: ICC ≤0.50 poor; 0.50–0.75 

poor to moderate; >0.75–0.90 good; and >0.90 excellent relative reliability (Portney, 2020).  

Fourth, we determined absolute reliability by calculating the coefficients of variation (CV), 

the standard error of means (SEMs), the minimum detectable changes (MDCs) and Bland-

Altman plots (Furlan and Sterr, 2018; Portney, 2020). The CV, which is a measure of 

variability, was calculated as the ratio of the pooled standard deviation to the mean. The 

SEM, which provides an estimate for interpreting how much error is likely to be present in a 
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single measurement, was estimated  as the square root of the mean square error term 

(MSE) from the repeated-measures ANOVA (Portney, 2020; Weir, 2005). The MDC, defined 

as the smallest change that can be detected beyond measurement error, was calculated as 

follows: MDC= 1.96 x √2 x SEM. Bland-Altman plots were used to visually assess the spread 

of differences and the limits of agreement (mean differences ±1.96× SD) for repeated 

measurements of Sessions 1 and 2 and for the mean of each session. The bias (the average 

of the differences) was also calculated. 

2.6.2 Secondary outcomes  

The statistical analysis for the borders, the length and the width characterizing the area of 

increased pinprick sensitivity were the same as for the primary outcomes. 

Between-session systematic errors for pinprick sensitivity, electrical detection thresholds, 

pain during the stimulation procedure, stress ratings, ‘situational’ anxiety, pain 

catastrophizing and HRV indices were assessed with paired T-tests or Wilcoxon matched-

pair signed rank tests. ICCs were calculated with a single-measurement, absolute 

agreement, two-way mixed-effects model for all secondary outcomes, except for HRV 

indices, which were calculated with a mean-rating, absolute agreement, two-way mixed-

effects model. ICCs were based on logarithmically transformed data for Mean NN, StdNN, 

RMSSD, NN50, pNN50, LF, HF, LF/HF and SD1 (Ellis et al., 2008).  

3. RESULTS 

All 32 healthy subjects completed both sessions. Table 1 presents the demographic 

characteristics of subjects and their psychological profile, which were in the normal range. 

On average, the time that elapsed from the first to the second session was 20 ± 6 days. On 

average the pinprick stimuli applied before HFS were not perceived as painful for most 

subjects (91%). After HFS, pinprick stimuli were perceived as more intense in all subjects but 

two, and 69% rated them as painful.  

INSERT TABLE 1 HERE 

3.1 Within-session reliability 
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Means and standard deviation of primary outcomes at all three post-HFS measurements for 

the first testing session, as well as within-session ICCs, CVs, SEMs, and MDCs, are shown in 

Table 2. Individual data for session 1 are shown in Fig. 2.  

INSERT TABLE 2 HERE 

INSERT FIGURE 2 HERE 

Regarding the first testing session, the CVs ranged from 26.63% to 56.09%, indicating large 

between-subject variability. 

The repeated measure one-way ANOVA revealed a significant difference across the three 

measurements for the estimated area size of increased pinprick sensitivity (F (31, 62) = 

38.10; p<0.001). Post hoc multiple comparisons showed that there was a significant 

decrease (11.2%) from the first to the second measure. 

Excellent relative reliability was observed across the three post-HFS measurements for the 

estimated area size (ICC=0.91), pinprick sensitivity after HFS (ICC=0.92) and the change in 

pinprick sensitivity (ICC=0.90).  

SEMs and MDCs expressed as percentages of the mean for pinprick sensitivity after HFS 

(respectively 7.71% and 21.37%) were lower than for the change in pinprick sensitivity 

(respectively 17.75% and 49.20%) and for the estimated area size (respectively 14.56% and 

40.36%).  

INSERT FIGURE 3 HERE  

When comparing measurement 1 with measurement 2 (M1 vs M2), and measurement 2 

with measurement 3 (M2 vs M3) with Bland-Altman plots (Fig. 3), a random scattering of 

points distributed evenly around the average mean difference for the estimated area size 

(bias ranging from 1.57 to 9.44), the pinprick sensitivity after HFS (bias ranging from 0.00 to 

1.19), and for the change in pinprick sensitivity (bias ranging from 0.00 to 1.19). For the 

estimated area size, a larger pattern of disagreement and more outliers were identified 

among subjects with high mean scores. Limits of agreement (LoAs) were large for the 

estimated area size (from -18.92 to 37.82 for M1 vs V2 ; from -26.3 to 29.5 for M2 vs M3), 

but less so for the pinprick sensitivity after HFS (from -11.06 to 11.06 for M1 vs M2 ; from -
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8.03 to 10.40 for M2 vs M3 ) and for the change in pinprick sensitivity after HFS (from -11.06 

to 11.06 for M1 vs M2 ; from -08.03 to 10.40). 

Regarding the second session, similar trends were observed (Fig. S1 and Table S1). 
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3.2 Between-session reliability 

Means and standard deviation of primary outcomes at each session, as well as the between-

session ICCs, CVs, SEMs and MDCs, are shown in Table 3. Individual data of the average 

obtained for the three measurements for each session are shown in Fig. 4. 

INSERT TABLE 3 HERE 

INSERT FIGURE 4 HERE 

Large CVs were observed, ranging from 30.54% to 58.06%, indicating large between-subject 

variability. 

The Wilcoxon signed rank test revealed a significant decrease from Session 1 to Session 2 for 

the estimated area size (p=0.033, 5.9%). No significant difference was found for the pinprick 

sensitivity after HFS and the change in pinprick sensitivity. 

Relative reliability was excellent for the estimated area size (ICC=0.93) and good for pinprick 

sensitivity after HFS (ICC=0.82). However, the relative reliability of the change in pinprick 

sensitivity was close to poor (ICC=0.53). 

When respectively comparing the first, second and third measures of session one with 

session two, the relative reliability declined. Only the estimated area size showed good 

relative reliability (≥ 0.83). The pinprick sensitivity after HFS showed moderate relative 

reliability (≥0.65) and the reliability of change in pinprick sensitivity was poor (<0.40). 

SEMs and MDCs expressed as percentages of the mean were lower for the pinprick 

sensitivity after HFS (respectively 16.81% and 46.61) and for the estimated area size of 

increased pinprick sensitivity (respectively 20.26 % and 56.16%) than for the change in 

pinprick sensitivity (respectively 46.12% and 127.84%).  

INSERT FIGURE 5 HERE 

The Bland-Altman plots (Fig. 5), illustrated a random scattering of points distributed evenly 

around the average mean difference for the estimated area size (bias = 4.54), the pinprick 

sensitivity after HFS (bias = -1.79), and for the change in pinprick sensitivity (bias = 0.56). For 

the estimated area size, a larger pattern of disagreement and more outliers were identified 

among subjects with high mean scores. Limits of agreement (LoAs) were large for the 
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estimated area size (from -27.65 to 46.74), for the pinprick sensitivity after HFS (from 27.78 

to 24.19) and for the change in pinprick sensitivity (from -29.62 to 30.75). 

Secondary outcomes  

Means and standard deviation for the borders, the length and the width characterizing the 

area of increased pinprick sensitivity for the first testing session, as well as the within-

session ICCs, CVs, SEMs, and MDCs, are shown in Table S2. For session 1, excellent relative 

reliability (ranging from 0.92 to 0.94) was observed across the three post-HFS 

measurements for the distal border, the proximal border, and the length of the area of 

increased pinprick sensitivity after HFS. Good relative reliability (ICC=0.84) was observed for 

the width of the area and the lateral border. The medial border showed moderate relative 

reliability (ICC=0.72). The lowest SEMs and MDCs were found for the distal border 

(respectively 10.22% and 28.33%) and for the length (respectively 8.57% and 23.76%). 

Regarding the second testing session, similar trends were observed (Table S3).  

Means and standard deviation for the borders, the length and the width characterizing the 

area of increased pinprick sensitivity at each session, as well as the between-session ICCs, 

CVs, SEMs and MDCs, are shown in Table S4. Regarding between-session reliability, 

excellent relative reliability (ranging from 0.90 to 0.97) was observed the distal border, the 

proximal border, the length and the width of the area of increased pinprick sensitivity after 

HFS. Good relative reliability was observed for the lateral border (ICC=0.86) and the medial 

border (ICC=0.79).  The lowest SEMs and MDCs were found for the distal border 

(respectively 13.72% and 38.02%), the length (respectively 9.26% and 25.68%) and the 

width (respectively 14.22% and 39.41%).  

Means and standard deviation of baseline pinprick sensitivity, electrical detection 

thresholds, pain during HFS, stress ratings, ‘situational’ anxiety and pain catastrophizing 

related to HFS, as well as within-session ICCs, CVs, SEMs, and MDCs, are presented in Table 

4. Only perceived stress level during HFS significantly (p=0.02) decreased from session 1 to 

session 2 (18%).  

INSERT TABLE 4 HERE 



A
cc

ep
te

d
 A

rt
ic

le
 

This article is protected by copyright. All rights reserved 

Relative reliability was poor to moderate (ranging from 0.50 to 0.72) for baseline pinprick 

sensitivity, electrical detection thresholds, pain during HFS, stress, ‘situational’ anxiety, and 

catastrophizing.  

From resting state to the HFS, mean HR, StdNN, StdHR, RMSSD, NN50, LF, HF, SD1, SD2 

significantly increased, conversely, mean NN significantly decreased. The pNN50 and LF/HF 

did not change. 

Means and standard deviation of HRV indices during HFS, as well as within-session ICCs and 

CVs, are presented in Table S5. The HRV indices recorded during HFS (MeanNN, StdNN, 

MeanHR, StdHR, RMSSD, NN50, pNN50, LF, HF, LF/HF, SD1, and SD2) did not significantly 

differ between the first and second session. The relative reliability of HRV indices according 

to ICCs was good (ranging from 0.81 to 0.86) for all variables except StdHR, NN50, pNN50 

and LF/HF, for which it was poor to moderate (ranging from 0.65 to 0.71).  

4. DISCUSSION  

The present study shows that the within- and between-session relative reliability of HFS-

induced SH measured by estimating the area size of increased pinprick sensitivity and the 

pinprick sensitivity after applying HFS was good to excellent (ICCs > 0.80). However, 

between-session relative reliability of the change (post minus pre HFS) in pinprick sensitivity 

was close to poor (ICC=0.53). Moreover, measures of absolute reliability (CV, SEM and MDC) 

generally demonstrated large between-subject variability and significant fluctuations across 

repeated measurements of SH. Regarding secondary outcomes, large between-subject 

variability was also observed. Relative reliability was good for most HRV indices evaluating 

autonomic arousal, and poor to moderate for pain, anxiety, stress and catastrophizing 

related to HFS. 

The relative reliability of the estimated area size of increased pinprick sensitivity was higher 

than the relative reliability found in studies with other experimental pain models, including 

heat/capsaicin sensitization (0.30 to 0.76), brief thermal sensitization (0.48 to 0.84) and 

burn injury sensitization models (0.58) (Hansen et al., 2016a; Werner et al., 2013). Our 

results are in agreement with a previous study using 10 Hz continuous stimulation where 

within- and between-session relative reliability was good (ICC>0.80) for pinprick sensitivity 

assessed with the same mechanical pinprick stimulator (Xia et al., 2016). Therefore, it 
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appears that the increased pinprick sensitivity induced by electrical stimulation is more 

reliable than the increased pinprick sensitivity induced by the other methods. One possible 

explanation could be that the afferent neural activity generated by electrical stimulation is 

more reproducible as compared to, for example, capsaicin, which is strongly dependent on 

skin permeability when applied topically and the localization of the injection site when 

delivered intradermal (Handwerker and Kobal, 1993; Staahl and Drewes, 2004). 

We observed a large between-subject variability in the estimated area size. At present the 

specific factors contributing to this variability are unknown, but may include stress, diet, 

hormone levels, skin receptor density, anatomical and functional brain differences, and 

genetics (Hansen et al., 2016b; Werner et al., 2013). Moreover, there is evidence that stress-

like doses of hydrocortisone attenuates increased pinprick sensitivity (Michaux et al., 2012), 

and that increased spatial attention (Filbrich et al., 2019) and negative expectations (Van 

Den Broeke et al., 2014) can increase increased pinprick sensitivity.  

It could be that the poor between-session relative reliability for the change in pinprick 

sensitivity is due to the fact that this outcome variable is calculated as a difference score, 

which inexorably diminishes ICCs because it restricts the range of possible values (Rankin 

and Stokes, 1998). Nonetheless, large SEMs, large MDCs and Bland-Altman plots 

demonstrated the poor absolute reliability for this outcome variable. Additionally, the 

medial border of the area of increased pinprick sensitivity was less reliable than the other 

borders. This could be due to the fact that our pinprick stimulator had to be applied 

perpendicularly to the skin, which, for the medial border, required subjects to externally 

rotate their forearm and tilt their chest. This was sometimes uncomfortable for the subjects 

and may have affected the rating. 

Interestingly, we observed a systematic decrease of the estimated area size across 

measurements in both sessions. This could reflect the phenomenon of habituation of 

sensitization (Thompson and Spencer, 1966). In contrast, the pain ratings remained 

consistent, which suggest that habituation is less prominent in the perceived intensity. 

Alternatively, subjects may have been tempted to repeat their previous ratings rather than 

carefully re-assessing the sensitivity to pinprick stimuli, even though they were not informed 

that this study was designed to assess reliability. 
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In our study, all outcome variables, except the change in pinprick sensitivity, showed good 

to excellent relative between-session reliability. However, this contrasted with measures of 

absolute reliability, as large SEMs and MDCs were observed, indicating that features 

characterizing the area of increased pinprick sensitivity in individual subjects fluctuate 

across repeated measurements. Therefore, these features seem suited to discriminate 

between subjects with respect to their response to nociceptive input, but may not be very 

sensitive to detect change in a subject (Portney, 2020; de Vet et al., 2006). Minimal 

detectable changes calculated in this study will help determine sample sizes of future 

studies with the aim to identify clinically meaningful changes (Dontje et al., 2018; Marcuzzi 

et al., 2017). 

A potential limitation of the present study is that our results cannot not be generalized as 

the subjects were all young adults, which may represent a meaningful sample bias. 

Moreover, other reliability studies have used eight directions to assess the extent of SH, 

which may provide a more accurate estimation of the area size of increased pinprick 

sensitivity as compared to assessing extent along four directions (Hughes et al., 2002; 

Ringsted et al., 2015). While this study was not specifically designed to compare the 

reliability between the different outcomes, the change in pinprick sensitivity (after HFS 

minus before HFS) appears unreliable between sessions. This was not the case for the length 

of the area of increased pinprick sensitivity along the proximal-distal axis, or the pinprick 

sensitivity reported after HFS. Furthermore, a larger disagreement was identified on Bland-

Altman plots among subjects with high mean scores for the estimated area size, suggesting 

that larger area sizes of increased pinprick sensitivity are less reliable.  

Strictly speaking, the HFS induced increase in sensitivity to the pinprick stimuli delivered in 

the present study does not satisfy the definition of “hyperalgesia”, as proposed by the 

International Association for the Study of Pain, because pinprick stimuli applied before HFS 

were not perceived as painful. Nevertheless, the punctate probe that we used preferentially 

activates mechano-sensitive nociceptors (Garell et al., 1996; Nagi et al., 2019; Slugg et al., 

2000, 2004). Therefore the increase in pinprick sensitivity that was reported by the 

participants is most likely related to SH and the central sensitization of mechanical 

nociceptive pathways (Baumann et al., 1991; Simone et al., 1991; Treede and Cole, 1993).  
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To conclude, pinprick sensitivity after HFS and most features characterizing the area of 

increased pinprick sensitivity show good to excellent between sessions relative reliability. 

Therefore, the HFS-mechanical hyperalgesia model is suitable to discriminate or compare 

subjects. However, the model may not be ideal for studies interested in between-session 

changes in individual subjects, for example, due to an intervention, because measures of 

absolute reliability demonstrated fluctuations across repeated measurements. 
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Female, n (%) 16 (50) 

Age, years (range) 25.7 ± 5.3 (19-42) 

Height , cm 172.6 ± 8.0 

Weight, kg 66.7 ± 12.6 

BMI, kg/m² 22.3 ± 3.7 

Pain Catastrophising (‘dispositional’), PCS (0-52) 14.5 ± 8.2 

Anxiety (trait), STAI-Y2 (20-80) 38.2 ± 7.8 

 

 

Table 1. Demographic characteristics of the participants and their psychological profile. Data are 

presented in Mean ± SD unless otherwise specified. BMI, body mass index; PCS, Pain Catastrophizing 

Scale French-Canadian; STAI-Y2, Trait subscale of the State-Trait Anxiety Inventory. 
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Assessment measure Measure 1 (M1) Measure 2 (M2) Measure 3 (M3) ICC CV SEM MDC 

 

Mean ± SD Mean ± SD Mean ± SD ICC (95% CI) % Absolute vs % 
Absolute vs % 

Estimated area size, cm2 84.25 ± 43.65 74.80 ± 39.45 73.23 ± 40.41 0.91 (0.82 to 0.95) 53.22 11.27 (14.56) 31.25 (40.36) 

Pinprick sensitivity after HFS, 0-100 55.25 ± 13.28 55.25 ± 14.35 54.06 ± 16.06 0.92 (0.86 to 0.96) 26.63 4.23 (7.71) 11.72 (21.37) 

Change in pin-prick sensitivity, 0-100 24.22 ± 12.92 24.22 ± 13.30 23.03 ± 13.86 0.90 (0.83 to 0.95) 56.09 4.23 (17.75) 11.72 (49.20) 

 

Table 2. Within-session comparisons of the primary outcomes. The mean ± SD of the first, second and third measurement of session 1 for each primary 

outcome are shown. Intraclass correlation coefficients (ICCs) are reported with their 95% confident intervals and range from 0 to 1. The coefficient of 

variation (CV) is reported. In addition, standard error of mean (SEM) and minimal detectable change (MDC) are reported in the same unit as the 

measurements and in percentages relative to the mean. HFS, high frequency stimulation. 
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Assessment measure Session 1 Session 2 ICC CV SEM MDC 

 

Mean ± SD Mean ± SD ICC (95% CI) % Absolute vs % Absolute vs % 

Estimated area size, cm2 77.42 ± 40.17  72.88 ± 46.85 0.93 (0.87 to 0.97) 58.06 15.23 (20.26) 42.21 (56.16) 

Pinprick sensitivity after HFS, 0-100 54.85 ± 14.20 56.65 ± 19.45 0.82 (0.64 to 0.91) 30.54 9.37 (16.81) 25.98 (46.61) 

Change in pin-prick sensitivity, 0-100 23.82 ± 12.91 23.30 ± 14.03 0.53 (0.02 to 0.77) 57.23 10.87 (46.12) 30.12 (127.84) 

 

Table 3. Between-session comparisons of the primary outcomes. The mean ± SD of the first and second session for each primary outcome are shown. 

Intraclass correlation coefficients (ICCs) are reported with their 95% confident intervals and range from 0 to 1. The coefficient of variation (CV) is reported. 

In addition, standard error of mean (SEM) and minimal detectable change (MDC) are reported in the same unit as the measurements and in percentages 

relative to the means. HFS, high frequency stimulation. 
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Assessment measure Session 1 Session 2 ICC CV SEM MDC 

 

Mean ± SD Mean ± SD ICC (95% CI) % Absolute vs % Absolute vs % 

Baseline pinprick sensitivity, NRS (0-100) 31.03 ± 13.45 33.34 ± 12.90 0.62 (0.35 to 0.88) 40.95 8.14 (25.30) 22.57 (70.12) 

Electrical detection threshold (mA) 0.19 ± 0.08 0.20 ± 0.08 0.50 (0.19 to 0.72) 42.17 0.06 (29.97) 0.16 (83.07) 

Pain during HFS, NRS (0-100) 71.44 ± 10.67 72.91 ± 12.67 0.62 (0.35 to 0.79) 16.23 7.28 (10.08) 20.17 (27.95) 

Stress, NRS (0-100) 50.78 ± 23.66 41.44 ± 23.74 0.55 (0.25 to 0.75) 51.40 15.26 (33.09) 42.29 (91.71) 

Anxiety, STAI-Y1 (20-80) 32.91 ± 8.83 32.34 ± 8.01 0.66 (0.41 to 0.82) 25.84 4.93 (15.13) 13.68 (41.93) 

Catastrophizing SCQ (0-24) 7.13 ± 4.79 7.47 ± 5.76 0.72 (0.49 to 0.85) 72.63 2.85 (39.04) 7.90 (108.22) 

 

Table 4. Between-session comparisons of the secondary outcomes (except heart rate variability indices). The mean ± SD of the first and second session for 

each of the primary outcomes are shown. Intraclass correlation coefficients (ICC) are reported with their 95% confident intervals and range from 0 to 1. The 

coefficient of variation (CV) is reported. In addition, standard error of mean (SEM) and minimal detectable change (MDC) are reported in the same unit as 

the measurements and in percentages relative to the means. HFS, high frequency stimulation; NRS, numerical rating scale; STAI-Y1, State subscale of the 

State-Trait Anxiety Inventory; SCQ, Situational Catastrophizing Questionnaire.
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Figure 1. Time-line of the session. HFS, high-frequency electrical stimulation.  

 

Figure 2. Individual data for the primary outcomes of session 1. The labels on the X-axes (M1, M2 and 

M3) refer to the first, second and third post-HFS measurements. HFS, high-frequency stimulation; 

NRS, numerical rating scale. 

 

Figure 3. Bland-Altman plots for the within-session comparison of the primary outcomes. The Y-axis 

shows the difference scores for each subject (left column: measure 1 minus measure 2; right column: 

measure 2 minus measure 3). Values on the X-axis represent the mean of the two measures for each 

subject. The dashed line indicates the bias between sessions (the average of the differences), and the 

limits of agreement, calculated as 1.96 times the standard deviation (SD) of the differences in 

measurements. HFS, high-frequency stimulation; NRS, numerical rating scale. 

 

Figure 4. Individual data for the primary outcomes of session 1 and session 2. Each score represents 

the average of the three post-HFS measurements.  HFS, high-frequency stimulation; NRS, numerical 

rating scale. 

Figure 5. Bland-Altman plots for the between-session comparison of the primary outcomes. The Y-

axis shows the difference scores (session 1 minus session 2) for each subject. Values on the X-axis 

represent the mean of the two measures for each subject. The dashed line indicates the bias 

between sessions (the average of the differences), and the limits of agreement, calculated as 1.96 

times the standard deviation (SD) of the differences in measurements between sessions. HFS, high-

frequency stimulation; NRS, numerical rating scale. 
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