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ABSTRACT

Chronic pain is a debilitating condition affecting millions worldwide. It is thought to be associated with
central sensitization, a phenomenon where the central nervous system amplifies pain signals, leading to
increased sensitivity and prolonged pain perception. Through experimental electrical skin stimulation, this
thesis investigates innovative approaches to reliably induce central sensitization in humans, evaluates
potential biomarkers for its assessment, and examines psychological factors that influence its modulation.
From a clinical perspective, this research assesses how these findings translate to predicting persistent
post-surgical pain in patients, offering promising avenues for targeted interventions.

CITE THIS VERSION

Gousset, Solenn. Novel approaches to investigate central sensitization : from experimental models to clinical
perspectives.  Prom. : Mouraux, André ; van den Broeke, Emanuel http://hdl.handle.net/2078.1/300167

Le dépôt institutionnel DIAL est destiné au dépôt
et à la diffusion de documents scientifiques
émanant des membres de l'UCLouvain. Toute
utilisation de ce document à des fins lucratives
ou commerciales est strictement interdite.
L'utilisateur s'engage à respecter les droits
d'auteur liés à ce document, principalement le
droit à l'intégrité de l'œuvre et le droit à la
paternité. La politique complète de copyright est
disponible sur la page Copyright policy

DIAL is an institutional repository for the deposit
and dissemination of scientific documents from
UCLouvain members. Usage of this document
for profit or commercial purposes is stricly
prohibited. User agrees to respect copyright
about this document, mainly text integrity and
source mention. Full content of copyright policy
is available at Copyright policy

https://hdl.handle.net/2078/copyright_policy
https://hdl.handle.net/2078/copyright_policy


 
 

 

 

 



2 
 
 

 

  

This project has received funding from the European Union's Horizon2020 

Research and Innovation Program under grant agreement no 848068. This 

thesis reflects only the authors' view, and the European Commission is not 

responsible for any use that may be made of the information it contains. 

 



3 
 
 

 

 

Université Catholique de Louvain 

Secteur des Sciences de la Santé  

Institut de neuroscience  

 

Novel approaches to investigate central 

sensitization: from experimental models to clinical 

perspectives 

 

Solenn Gousset 

 

Thesis submitted in fulfilment of the requirement 

for the degree of  

“Docteure en Sciences Biomédicales et 

Pharmaceutiques” 

 

 

 

 

 



4 
 
 

 



5 
 
 

 

  

 

Jury members 

 

 
Supervisors: 

Professor André Mouraux (Promoter) 
Université Catholique de Louvain (UCLouvain), Belgium 

Doctor Emanuel van den Broeke (Co-promoter) 
Katholieke Universiteit Leuven (KUL), Belgium 

 

Jury:  

Professor Emmanuel Hermans (Chair) 
Université Catholique de Louvain (UCLouvain), Belgium 

Professor Patricia Lavand’homme 
Université Catholique de Louvain (UCLouvain), Belgium 

Doctor Jeroen Elassaiss-Schaap 
Leiden University, Netherlands 

Doctor Caterina Leone 
Sapienza University, Italy 

Professor Patrice Forget 
University of Aberdeen, United Kingdom 

 

 



6 
 
 

 

  



7 
 
 

 

Cover artwork 

« Spinal Cord » created by Greg Dunn, used with the artist permission. 

 

The spinal cord, with its symmetrical structure, evokes the image of a 

butterfly, a delicate yet essential figure that bridges sensation and motion. 

Its wings represent the balance of inputs and outputs, with the dorsal and 

ventral roots that maintain our body in harmony. However, in the context of 

chronic pain, this balance is disrupted, and the butterfly’s graceful flight 

becomes heavier, burdened by the echoes of amplified pain signals. 

Central sensitization is the storm that surrounds the butterfly, turning its 

serene journey into a turbulent struggle. What was once a gentle breeze, 

becomes a constant wind, amplifying even the lightest touch into a harsh and 

overwhelming gust. The dorsal horn, the core of the spinal cord, is thought 

to be the epicentre of this transformation, altering how signals are processed 

and perceived. 

In this state, the butterfly’s wings, symbols of resilience, and freedom are 

shadowed by the weight of persistent pain. The beauty of the spinal cord 

symmetry and its role in orchestrating sensation and motion remain, but the 

balance is lost. It is a call to unravel the mysteries of central sensitization, 

offering hope to restore the butterfly’s ability to fly freely once again. 
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I. Chapter 1. General introduction 

 

I.1. Pain, beyond a physical symptom 

 

Pain is a universal intricate human experience transcending language, 

culture, and time. The International Association for the Study of Pain (IASP) 

defines pain as “an unpleasant sensory and emotional experience associated 

with, or resembling, that associated with, actual or potential tissue 

damage”1. While transient acute pain serves as a vital warning signal in 

response to potential tissue damage, chronic pain persists for months and 

sometimes even years after its protective purpose has been achieved2. Pain 

is usually defined as chronic when it lasts for at least three months3, 4. It is 

well established that chronic pain affects not only physical, but also mental 

health, significantly impacting an individual's quality of life5. In addition, 

chronic pain imposes a substantial societal burden through decreased work 

productivity and even sometimes work-quitting6.  

Before the 1970s, this so-called symptom was poorly understood, and 

misunderstandings led to dismissive attitudes and inadequate treatment7. 

Specifically, it was commonly believed that pain was directly and 

proportionally linked to a specific disease or physical condition8. Therefore, 

a significant misconception was the belief that chronic pain, in the absence 

of specific tissue lesions or pathology, was psychological or linked to a 

patient's mental condition9. This reductionist view failed to recognize the 

intricate interplay between the brain, nervous system, and various 

physiological processes in the experience of chronic pain. Obviously, it 
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limited the effectiveness of treatments and importantly, underestimated the 

impact of pain on the individual’s overall well-being. 

In the 1980s, Georges Libman Engel described a biopsychosocial model, that 

accounted for the complex interplay between biological, psychological, and 

social factors10. Engel's model highlighted the importance of understanding 

the patient as a whole, rather than simply focusing on the physical aspects of 

their pain. It was necessary to work under a holistic and comprehensive 

treatment strategy for chronic pain, addressing not only the physical aspects, 

but also the environmental, cognitive, and social components of the patient’s 

pain experience. However, while Engel's biopsychosocial model offers a 

more holistic approach to understand and treat chronic pain, it is not without 

some limitations11. One of the main issues is the complexity of the model, 

which can make it difficult to apply in clinical settings where time and 

resources are limited12. Another limitation of this model is its inability to 

provide tools to establish causal relationships. This does not allow us to 

differentiate between genuine cause-and-effect and coincidental 

associations, making it difficult to determine which explanations are 

theoretically sound. In summary, while the biopsychosocial model serves as 

a 'conceptual framework,' it should not be considered as an explanatory 

model of disease13. In parallel with these conceptual developments, 

neuroscience research began uncovering specific physiological processes 

involved in pain modulation, particularly those related to neural plasticity. 
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I.2. Central sensitization: A nociplastic phenomenon amplifying pain 

signals 

 

I.2.1. General concepts  

 

A significant breakthrough in the field of molecular mechanisms of plasticity 

was the first description of long-term potentiation (LTP) in the hippocampus 

by Bliss and Lømo in 197314. They discovered that brief high-frequency inputs 

of perforant path fibers to the dentate area of the hippocampus led to a 

sustained increase in synapse strength, confirming Lømo’s 1971 findings15, 16. 

Similar to how declarative memory is processed in the hippocampus under 

LTP processes, dorsal horn neurons may amplify nociceptive signals through 

a similar mechanism17, 18. 

Animal models show that sustained stimulation or strong nociceptive input, 

such as that encountered during surgical operations, can induce sensitization 

in the peripheral nerve endings of first-order nociceptive neurons19. This 

nociceptive input causes a large release of inflammatory mediators that lead 

to cascades of phosphorylation events within the synapse, which depolarizes 

the membrane of the nociceptive neuron20-22. Then, the action potential 

generated at the nociceptive fiber propagates towards the synaptic cleft in 

the dorsal horn, where second-order neurons are located20, 23. 

Neurotransmitters, such as glutamate, substance P, and brain-derived 

neurotrophic factor (BDNF), are released and activate their associated 

receptors on second order neuron24-26. This constant release of 

neurotransmitters can lead to the excitation and strengthening of the 

synapse through homosynaptic LTP, which is believed to be responsible for 
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primary hyperalgesia and is the result of both peripheral and central 

sensitization24. Consequently, this leads to an increased sensitivity and flare 

response at the site of tissue damage, which are hallmark features of primary 

hyperalgesia27-30.  

Nearby, glial cells can detect this activity and release signalling molecules like 

BDNF and cytokines31-33. These signalling molecules can activate various 

receptors on neighbouring synapses, constituted by other nociceptive fibers 

that were not stimulated at their periphery31. As a result, these unstimulated 

fibers enhance their sensitivity to neurotransmitters and amplify overall pain 

signal processing in the spinal cord24. This process, known as heterosynaptic 

LTP, is thought to contribute to secondary hyperalgesia, an increase in pain 

sensitivity in the surrounding non-injured skin, as a result of central 

sensitization18, 31.  

 

I.2.2. From semantics to science: Central sensitization's 

terminological odyssey  

 

In the 1940s, Sir Thomas Lewis introduced the concept of hyperalgesia by 

stimulating his own forearm with a continuous painful electrical current34. At 

the end of the stimulation, there was little or no pain in the surrounding skin. 

After a few minutes, the soreness increased accompanied by a reduction in 

the threshold for pricking stimulation and gradually spread along the 

forearm: a phenomenon we now call secondary mechanical hyperalgesia. 

Nonetheless, he hypothesized that this “excitation of the skin” was due to 

peripheral mechanisms rather than central. Ten years later, Hardy et al. 
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(1950) conducted various psychophysical experiments, and suggested that 

the mechanisms underlying the soreness surrounding the skin after electrical 

stimulation described by Lewis was instead the result of a central excitatory 

state (Figure 1)35.  

Figure 1. From Hardy et al. (1950). Schematic diagram of pain fiber connections 

within the neuron pool showing foci of excitation (stippled areas) resulting from the 

continuous barrage of noxious impulses from the site of injury. 

While the term "central sensitization" may not have been established at this 

time, ideas and precursor concepts started emerging during that era. This 

was corroborated by Woolf, who showed through experiments on rodents 

that when a noxious (thermal or chemical irritant) stimulus is delivered to 

the skin, it induces functional changes, such as reduced threshold and 

expansion of the receptive field in motor neurons36-38. 

In his 1983 Nature paper, Woolf illustrated the neurophysiological 

mechanisms underlying these changes, demonstrating how transient 

nociceptive stimulation can lead to prolonged periods of increased 
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excitability within the central nervous system (CNS). This increased 

excitability was characterized by enhanced synaptic efficacy in neurons 

within the dorsal horn of the spinal cord, a process Woolf posited as a 

potential neural basis for the persistent pain states observed clinically36. This 

indicates that these changes take place within the CNS, specifically in the 

spinal cord, rather than being driven by peripheral factors. Simone et al. 

(1991) followed that idea by investigating the role of spinothalamic tract 

(STT) neurons and found that the sensitization responses of wide dynamic 

range (WDR) neurons to thermal stimuli following capsaicin administration 

in primates showed a strong correlation with the hyperalgesic responses to 

heat observed in humans post-capsaicin injection39. These effects are 

believed to stem from increased neuronal excitability in the dorsal horn of 

the spinal cord. They also showed that both WDR and high-threshold (HT) 

neurons responded more strongly to mechanical pinprick stimuli after 

capsaicin injection. In the same year, they conducted other psychophysical 

studies to explore what they termed "neurogenic hyperalgesia," a process 

wherein a group of neurons becomes sensitized due to the activation of 

another neuronal group, resulting in secondary mechanical hyperalgesia39. 

They discovered that administering a short-duration anaesthetic could 

diminish or remove secondary mechanical hyperalgesia. This suggests that 

the neurons sensitized during neurogenic hyperalgesia are situated within 

the CNS rather than in the peripheral nervous system. Thus, aligning with 

Woolf's group findings, they concluded that the sensitization of nociceptive 

neurons is influenced not only by peripheral factors, but also by interactions 

within the CNS. However, the relative influence of peripheral versus central 

activity in this process remains to be fully understood29. 
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In 2008, the International Association of Study of Pain (IASP) defined central 

sensitization as an “increased responsiveness of nociceptive neurons in the 

central nervous system to their normal or subthreshold afferent input”40.  

A nociceptive neuron is defined as one that is "able to encode a noxious 

stimulus," while a noxious stimulus is defined as stimulus that "damages or 

threatens to damage normal tissues"41. Thus, all stimuli that have the 

potential to injure a body part are often referred to as "noxious," such as 

those causing cutaneous injury, but also extremely bright lights that could 

cause visual impairments or loud noises that could create persistent tinnitus. 

That is why, when we examine this definition more closely, though, we find 

that it makes no specific mention of the connection to pain hypersensitivity. 

Despite Woolf's (2011) attempt to refine the concept of central sensitization 

as "an amplification of neural signalling within the CNS that elicits pain 

hypersensitivity," this definition faces applicability issues in both humans and 

animals42. In humans, the challenge lies in the direct recording of neural 

amplification, which remains currently unfeasible. Meanwhile, the concept 

of pain hypersensitivity in animals is problematic due to their inability to 

verbally report such experiences, leaving researchers to rely solely on 

indirect methods of measurement43. Moreover, despite studies showing CNS 

structures (referring as “pain matrix”) correlated with the pain perception in 

humans, research suggests that the responses within this "pain matrix" are 

strongly influenced by the context within which the nociceptive stimuli 

appear and importantly, that non-nociceptive stimuli can elicit similar 

cortical responses44. Currently, no regions of the brain have been identified 

as being exclusively dedicated to pain processing. 
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A recent review questions the IASP definition, pointing out that while animal 

studies have shown central sensitization occurs in response to acute and 

chronic pain models, there is still no evidence that it directly causes chronic 

pain, or occurs in humans45. Given the lack of a precise definition for central 

sensitization and the somewhat complex nature of the concept, practitioners 

and researchers often rely on the definition provided by the IASP, which 

covers a spectrum of pain syndromes, each potentially necessitating distinct 

therapeutic approaches46.  

In 2019, den Boer and colleagues conducted a systematic review of the 

diverse definitions of central sensitization and reached a consensus that 

hyperexcitability of the CNS is the central mechanism in the definition of 

central sensitization47. While this conclusion aligns with the IASP's definition 

and may not be incorrect, its practical contribution to the patient’s care 

raises questions. The broad application of this definition may lead to an 

overclassification of individuals as having central sensitization and promote 

a one-size-fits-all treatment approach, potentially overlooking the nuanced 

differences in the underlying mechanisms of various chronic conditions. In a 

commentary published following this review, van den Broeke (2019) referred 

to this consensus about hyperexcitability of the CNS as the "lowest common 

denominator," highlighting it as a broad concept that includes all pain 

syndromes, as well as a variety of other symptoms that may not be directly 

related to pain48. 

One can recognize that if the meaning of central sensitization is employed 

overly broadly for various pain diseases, it does not help clinicians to set a 

clear diagnostic and appropriate treatments for each patient46. For instance, 
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the treatment strategies for migraines may not be suitable for postoperative 

persistent pain, despite both potentially falling under the umbrella of central 

sensitization49.  

A tool commonly used as an eventual indicator of central sensitization is The 

Central Sensitization Inventory (CSI)50, 51. However, the absence of a 

universally accepted standard for detecting central sensitization in humans 

raises questions on the content validity of the CSI, which remains 

unverifiable. Consequently, this questionnaire does not so much identify 

patients with central sensitization but rather assesses a plethora of 

symptoms related to the condition, including for example fatigue, 

depression, or anxiety. This questionnaire serves more effectively as a 

screening tool, enabling the tracking of symptoms over time, with each 

symptom being considered and monitored individually51. 

However, the confusion occurring at the clinical (and research) level is 

understandable since the term “central” refers to all the compartments of 

the CNS, including the brain and the various structures associated. Therefore, 

one could expect that it may encompass various chronic syndromes52, 53. This 

highlights the importance of developing more specific criteria or 

subcategories, to tailor treatment plans more effectively and improve 

patient outcomes54.  

Recently, van den Broeke et al. (2024) proposed to redefine sensitization as 

its original meaning which is an “enhanced behavioural responsiveness that 

results from repeated or prolonged exposure to the same stimulus”, which is 

applicable both in humans and animals. This behavioural approach of 
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sensitization reflects defensive responses to a potentially harmful 

stimulation, which serve to protect the integrity of the body55. 

 

I.2.3. Disclaimer 

 

It is important to note that the following chapters mention neural and 

molecular mechanisms demonstrated in animal pain models that have not 

yet been directly validated in humans. However, in this thesis, I posit that the 

central mechanisms of sensitization in humans share certain similarities to 

those observed in animal models, given the conservation of fundamental 

biological processes across species, and importantly, the shared aspects of 

behavioural outcomes. While a complete revision of the definition of central 

sensitization falls outside the scope of this thesis, I justify its use by defining 

it as “an increased behavioural response extending to non-stimulated areas 

resulting from sustained nociceptive repeated stimulation”, which aligns 

with van den Broeke’s (2024) proposed definition55. 

 

I.3. Experimental human models of central sensitization 

 

I.3.1. Techniques for inducing central sensitization 

 

Experimental human pain models are particularly important for the 

development of clinical trials and are crucial for improving our knowledge of 

pain pathophysiology. They help bridge the gap between preclinical research 



29 
 
 

 

on animals and complex pain experience that patient have in a clinical 

context56, 57. Indeed, these models give researchers a safe and ethical way to 

study pain in human beings, enabling them to investigate the mechanisms 

underlying pain perception, transmission, and modulation57. We can find 

important insights into the neurobiological and psychophysics correlates of 

pain, by trying to replicate hypersensitivity states in an experimental setting, 

such as the induction of secondary hyperalgesia. Below is a brief overview of 

commonly utilized research models (Table 1). 

 

I.3.1.1. Capsaicin-based models 

 

Capsaicin serves as a surrogate model for studying secondary hyperalgesia in 

humans through a controlled experimental approach (intradermal or topical 

application) known as the capsaicin-induced secondary hyperalgesia model29, 

30, 39, 58. This natural compound found in chili peppers produces a 

characteristic spicy and burning sensation when ingested or applied to the 

skin59. Capsaicin interacts with sensory neurons in the body, specifically the 

ones expressing transient receptor potential vanilloid 1 (TRPV1) triggering a 

cascade of physiological responses and the release of neurotransmitters such 

as substance P 59-61. Intradermal injections of capsaicin are highly effective at 

inducing secondary hyperalgesia both in humans and animals, with short 

latency (few minutes) and prolonged duration (~2 hours for 50–100 µg 

doses)58, 62. However, the procedure is invasive, causes a high level of 

discomfort, and is technically complex, which undermines the advantages of 

the technique. 
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Due to the invasive nature of intradermal injections, topical applications are 

widely employed59, 63-65. Indeed, topical application using creams, patches, or 

solutions is a non-invasive procedure with a high safety profile. However, 

topical capsaicin requires a minimum application time of 30 minutes and 

induces a shorter-lasting hyperalgesic effect compared to intradermal 

injections. Consequently, it is often combined with heat sensitization 

protocols to stabilize the induction of secondary hyperalgesia66-69. 

 

I.3.1.2. Electrical stimulation models 

 

Electrical stimulation is also a widely used model to induce secondary 

hyperalgesia both in animals and humans. The high-frequency stimulation 

(HFS) method involves delivering brief, repeated trains of pulses at a 

frequency of 100 Hz for one second, typically applied to the forearm due to 

its flat surface31, 70-73. In 2004, Klein et al. showed that after HFS the 

perception of electrical stimuli at the HFS site was increased compared to the 

control site, which could reflect homotopic and/or heterotopic LTP72. 

However, the induction of homotopic LTP with HFS remains unclear, 

especially in human models, since the literature is very controversial31, 72, 74-

77. Interestingly in the same study, researchers showed that the perceived 

intensity of pinprick stimulation increased around the HFS site compared to 

the control site which is mainly due to heterotopic effects that produce 

secondary hyperalgesia. This finding has been consistently replicated, 

making increased sensitivity to mechanical pinprick stimuli in the 

surrounding skin the most well-documented effect of HFS conditioning in 
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humans74, 77-81. HFS is one of the most widely implemented human 

sensitization models due to its capacity to reliably induce secondary 

hyperalgesia with a short-lasting induction procedure, by activating 

nociceptors in an intense and sustained fashion. In the following chapters, 

HFS has been used for the previous reasons, but also for the fact that it is a 

non-invasive technique that does not require any pharmacologically active 

compound, and it can be administered in an operator-independent way.  

Low-frequency stimulation (LFS) applied onto the skin can also be used to 

induce secondary hyperalgesia82, 83. However, although it is thought to mimic 

the discharge patterns of C-fibers in neuropathic conditions, it  generates a 

smaller amount of secondary hyperalgesia compared to HFS making it less 

suitable to study it72, 84. When applied percutaneously, LFS provides a 

broader spread of secondary hyperalgesia, but its invasive nature and short-

lasting effects make it less practical for widespread use85, 86. In contrast, HFS 

provides a non-invasive and more efficient alternative, producing longer-

lasting hyperalgesia and allowing for easier application, making it the 

preferred choice for most experimental studies57. 

 

I.3.1.3. Ultraviolet models 

 

Ultraviolet A (UVA) and Ultraviolet B (UVB) irradiation affect the skin 

differently. UVA penetrates deeper into the dermis and requires significantly 

higher doses than UVB to induce erythema. It causes immediate redness and 

thermal effects but does not lead to delayed hyperalgesia at moderate 
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intensities87, 88. In contrast, UVB is primarily absorbed in the epidermis and 

consistently induces sunburn, delayed erythema, and hyperalgesia, making 

it a reliable model for research87, 89. This distinction explains the focus on UVB 

in experimental studies. 

UVB exposure causes keratinocyte damage and stimulates the release of 

inflammatory mediators, such as prostaglandins and cytokines. This leads to 

skin inflammation and erythema, activating immune-mediated processes 

that upregulate pro-inflammatory cytokines. These mediators amplify 

nociceptive signalling, ultimately contributing to hyperalgesia 

development90. Primary hyperalgesia seems constantly observed, whereas 

secondary hyperalgesia is less predictable, often displaying inconsistencies 

or developing after more than 10 hours post-irradiation91-94. While UVB 

techniques offer lasting effects without causing ongoing pain, they present 

some drawbacks, like the risk of hyperpigmentation and the challenge of 

reliably triggering secondary hyperalgesia89. 

 

I.3.1.4. Heat-injury models 

 

Heat-injury models, which engage heat-sensitive nociceptors such as TRPV1 

channels and C-fiber nociceptors, can also induce secondary hyperalgesia 

when thermal stimulation is applied at nonpainful temperatures (40–42°C). 

However, this hyperalgesia is typically brief, and similar to the capsaicin 

model, requires prolonged exposure to thermal stimuli for maintenance95, 96. 

This is the reason why researchers tend to use a  47°C protocol (5-7 min of 

application), where secondary hyperalgesia peaks after a minimum of one 
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hour, with long-lasting effects that vary between subjects97-99.  A limitation 

of this technique is that such high temperatures may cause epidermal 

damage, potentially resulting in blisters or pigmentation changes89.  

 

I.3.1.5.  Less commonly used models 

 

Several less common models have been developed to induce secondary 

hyperalgesia, though they are less prevalent due to methodological 

constraints, inconsistent results, or low replication rates. Cold receptor 

activation models, such as menthol application or freeze injury, may mimic 

cold hypersensitivity, but they produce variable results and exhibit limited 

spread of secondary hyperalgesia100-103. TRPA1 activators (e.g., mustard oil, 

cinnamaldehyde) reliably induce painful sensations but inconsistently 

produce secondary hyperalgesia57, 104, 105. Incisional models effectively 

replicate central sensitization and consistently induce secondary 

hyperalgesia, but their highly invasive nature significantly limits their 

practical application103, 106, 107. Other models, such as nerve growth factor 

(NGF) injections, hypertonic saline, and skin irritants, have shown potential 

for inducing secondary hyperalgesia, but suffer from low reproducibility or 

restricted effects57, 108, 109. 
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Category 
Technique 

Used 
Advantages Disadvantages 

Capsaicin-

Based 

Models 

Intradermal 

Capsaicin 

- Induce 

secondary 

hyperalgesia 

effectively. 

- Short latency for 

effect (few 

minutes). 

- Long duration 

for doses of 50–

100 µg (~2 hrs). 

- Invasive. 

- Painful injection 

compared to 

topical capsaicin. 

- Difficult 

preparation of 

aqueous solutions. 

Topical 

Capsaicin 

- Non-invasive. 

- Easy application. 

- High safety 

profile. 

- Brief hyperalgesia 

duration relative to 

intradermal 

models. 

- Requires heat-

kindling for 

consistent effects. 

Electrical 

Stimulation 

Models 

Low-

Frequency 

Electrical 

Stimulation 

(LFS) 

 
- Non-invasive 
when applied 

topically. 
Mimics clinical 

neuropathic pain. 

- Stable 

hyperalgesia.  

- Invasive when 

applied 

percutaneously. 

- Short-lived 

hyperalgesia after 

stimulus stops. 
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High-

Frequency 

Electrical 

Stimulation 

(HFS) 

- Maintenance of 

secondary 

hyperalgesia 

during several 

hours. 

- Non-invasive. 

- Inexpensive. 

- Operator 

independent. 

- Unpleasant pain 

induction. 

- Limited studies on 

response to 

medication. 

Ultraviolet 

Models 

Ultraviolet 

(UVB) 

Irradiation 

- Long-lasting 

effects (up to 4 

days). 

- No spontaneous 

pain at onset. 

- Requires 

calibration before 

use. 

- Risk of persistent 

hyperpigmentation. 

- High inter-

individual 

variability. 

Heat Injury 

Model 

Heat 

Stimulation 

- Rapid induction 

of secondary 

hyperalgesia. 

- Long-lasting 

hyperalgesia. 

- Peak effect 

within an hour. 

-  First-degree burn 

injury possible. 

- Blistering 

(depending on the 

parameters). 

Cold-

Induced 

Hyperalgesia 

Cold-Induced 

Hyperalgesia 

(e.g., 

Menthol 

application) 

- Mimics some 

neuropathic pain 

conditions. 

- Minimal 

discomfort. 

- No adverse 

effects. 

- Inconsistent 

hyperalgesia 

development. 

- Short duration of 

effect. 

- Limited spatio-

temporal 

amplification. 
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Freeze Injury 

Models 

- Long-lasting 

secondary 

hyperalgesia (up 

to 72 hrs). 

- Low discomfort. 

- No serious 

adverse events 

reported 

- Hyperalgesia 

develops slowly 

(peak at ~24 hrs). 

- Requires more 

than one visit for 

testing. 

TRPA1 

Activators 

TRPA1 

Activators 

(e.g., 

Mustard Oil) 

- Strong 

immediate pain 

induction. 

- Consistent 

dynamical 

allodynia 

induction. 

- Highly variable 

hyperalgesia areas. 

- Limited research 

on this model in 

humans. 

 

Table 1. Comparison of experimental pain models for inducing secondary 

hyperalgesia in humans 

 

I.3.2. Techniques for measuring HFS-induced secondary 

hyperalgesia 

 

The models cited above facilitate responses that can be indirectly assessed 

in humans through various methods, including psychophysical approaches 

and neurophysiological assessments, which will be detailed in the following 

sections. 
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I.3.2.1. Psychophysics 

 

I.3.2.1.1. Mechanical pinprick stimuli 

 

It has been demonstrated in animal studies that pain evoked by pinprick 

stimulation is mainly determined by the activation of Aδ fibers without 

significant contribution of C-fibers110-113. When pinprick stimuli are applied 

onto the skin around the area where the experimental induction of 

sensitization occurred, the intensity of perception increases in most cases, 

though it isn't always experienced as painful113. In 1981, van Hees and Gijbels 

showed that nociceptor activation can occur at lower levels of stimulation 

than the perception of pain (for example, stimulation with von Frey hairs up 

to 21 g can activate nociceptors without producing pain sensations)114. An 

integrative theory could be that during the mechanical von frey stimuli, 

concomitant activation of mechanoreceptors influences the signal and 

evokes a nonpainful pricking sensation until the nociceptor activity takes 

over and evokes pain113. Nevertheless, these findings neither fulfil Woolf's 

(2011) definition of central sensitization nor the term 'hyperalgesia because 

even though pinprick stimulations activate nociceptive fibers, it does not 

necessarily result in pain perception80, 113. On the other hand, the increase in 

mechanical pinprick sensitivity after sensitization cannot really be defined as 

“allodynia” because as previously mentioned, the pinprick stimuli activate 

nociceptive fibers. To ensure consistency with other authors, we will use the 

term "secondary mechanical hyperalgesia" to refer to the increased 

sensitivity to mechanical pinprick stimuli, even though we acknowledge that 

the term "hyperalgesia" may not be entirely accurate and might require 
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redefinition. Using the pinprick device, it is also possible to assess the extent 

of secondary mechanical hyperalgesia surrounding the point of 

stimulation112, 115, 116. The boundaries of this region are established by 

performing pinprick stimulations along eight, four, or two distinct paths, 

depending on the protocol. These paths originate well beyond the stimulated 

area and proceed towards it. Participants are asked to indicate when they 

experience a noticeable increase in perception, such as an increased pricking 

or burning feeling.  

At that point, the boundary is marked, and measurements of each axis are 

taken to calculate the surface area79, 117, 118. A study by Cayrol et al. (2020) 

demonstrated, through both within-subject and between-subject designs, 

that the proximal-distal (longitudinal) axis is the most reliable measure for 

assessing secondary mechanical hyperalgesia in humans78. Consequently, 

since 2020 our measurements have exclusively focused on the proximal-

distal axis. 

 

I.3.2.1.2. Heat sensitivity 

 

Heat sensitivity in the context of HFS-induced secondary hyperalgesia 

remains a topic of debate, with conflicting conclusions across studies. Some 

studies report increased sensitivity to heat stimuli after HFS in the area of 

secondary hyperalgesia when using short-duration laser stimuli. This 

increase in heat sensitivity is hypothesized to involve enhanced input from 

heat-sensitive C-fiber nociceptors119, 120. In contrast, other findings suggest 

that heat sensitivity is not affected within the area of secondary 
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hyperalgesia118. Indeed, it has been hypothesized, following contradictory 

results from earlier research by the same group, that changes in heat 

sensitivity may be confined to a smaller region near the HFS site and do not 

fully overlap with areas of heightened mechanical sensitivity118, 119. This raises 

questions about the differential central processing of mechanical and 

thermal nociceptive inputs. Despite these insights, heat sensitivity appears 

to be a less pronounced marker of secondary hyperalgesia compared to 

mechanical sensitivity, warranting further investigation into its underlying 

mechanisms and implications. 

I.3.2.1.3.  Tactile stimuli 

 

Few studies have explored tactile stimuli in the context of HFS-induced 

secondary hyperalgesia. In 2006, Klein et al. demonstrated that mechanical 

hyperalgesia (triggered by pinprick stimuli) and dynamic mechanical 

allodynia (elicited by soft tactile stimuli) differ significantly in durations and 

response patterns following HFS121. Allodynia developed more variably, with 

only a subset of participants reporting significant pain, and a quicker return 

to baseline, whereas mechanical hyperalgesia showed a more consistent and 

longer-lasting increase in pain perception121. van den Broeke and Mouraux 

(2014) showed that HFS significantly increased the perceived intensity of 

mechanical pinprick stimuli but did not affect the perception elicited by 

vibrotactile stimulation119. Unpublished results presented in the review of 

Leone et al. (2024) showed that when tactile and pinprick stimuli of identical 

intensity were applied to the area of HFS-induced secondary hyperalgesia, 

tactile stimuli showed no increase in perceived intensity, whereas 
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mechanical pinprick stimuli elicited a clear enhancement in perception116. 

Given these findings, tactile stimuli do not appear to be a reliable method for 

assessing HFS-induced secondary hyperalgesia and will therefore not be 

employed in this study. 

 

I.3.2.1.4.  Electrical stimuli 

 

Electrical stimulation has been used to evaluate both homotopic pain-LTP—

referring to heightened sensitivity at the site of nociceptive stimulation 

(primary hyperalgesia)—and heterotopic pain-LTP, which describes 

increased sensitivity in the area surrounding the stimulation (secondary 

hyperalgesia), following HFS. Klein et al. were the first to demonstrate that 

after HFS application to the skin, painful electrical stimuli were perceived as 

more intense at the HFS site compared to a control site, highlighting a 

homotopic effect72, 74. However, they did not investigate whether the 

increased pain sensitivity to electrical stimuli was associated with 

heterotopic pain-LTP. Building on this, van den Broeke et al. (2021) examined 

both homotopic pain-LTP and whether the perception of electrical stimuli 

increased in the area surrounding the HFS site. Their results revealed that 

after HFS, electrical stimuli applied to the skin adjacent to the HFS site elicited 

a higher perceived pain intensity compared to the control site71. However, 

rather than an actual increase in perception following HFS, this effect 

appears to reflect a lack of habituation at the HFS site relative to the control 

site. In that study, the difference in pain intensity after HFS between the 

control site and the heterotopically conditioned site was relatively minor, 
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typically just one or two points. This raises the question about its clinical 

relevance, especially in comparison to mechanical pinprick stimuli, which 

elicit a more pronounced increase around the conditioned site and a clearer 

distinction from the control site. 

 

I.3.2.2. Neurophysiological responses 

 

I.3.2.2.1.  Functional magnetic resonance imaging 

 

Functional magnetic resonance imaging (fMRI) is a widely used neuroimaging 

technique that measures brain activity by detecting changes in blood 

oxygenation, offering high spatial resolution of neural processes122. In central 

sensitization research, fMRI has been widely used in identifying the brain 

regions involved in altered pain processing and secondary hyperalgesia. 

Through experimental pain models, such as those using capsaicin or UV-B 

irradiation, researchers have mapped the activity of key brain areas during 

hyperalgesic states, consistently showing increased activation in regions like 

the insular cortex, anterior cingulate cortex (ACC), primary (S1) and 

secondary (S2) somatosensory cortices, thalamus, and brainstem areas such 

as the periaqueductal gray (PAG)123-125. 

For instance, capsaicin-induced hyperalgesia models have shown strong 

activation of these regions, particularly those associated with the sensory-

discriminative and affective dimensions of pain. Similarly, a recent meta-

analysis by Clarke et al. (2023) has shown consistent activation patterns 
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across studies, particularly in the anterior insula, thalamus, and ACC, 

highlighting their role in processing hyperalgesia and its modulation by 

analgesic interventions126. 

Additionally, Lee et al. (2008) investigated how the brain’s activity differs 

during central sensitization compared to normal states. Their findings 

showed that during central sensitization, the brainstem, particularly the 

mesencephalic pontine reticular formation, and the anterior thalamus 

exhibited significantly increased activity. The brainstem’s activation was 

specifically linked to the intensity of noxious stimulation, while the thalamus 

showed elevated activity in both central sensitization and normal states, 

though to a lesser degree in normal states. Additionally, cortical areas such 

as the primary somatosensory cortex were found to reflect the perceived 

intensity of pain in both conditions. These results highlight the brainstem’s 

central role in maintaining central sensitization and the involvement of 

cortical regions in processing the sensory experience of pain123. 

However, despite its value in experimental research, fMRI remains 

challenging to implement in routine clinical settings. This technique requires 

expensive equipment, and substantial time for data acquisition and analysis. 

Furthermore, variability in study designs and analytical approaches can 

complicate interpretation, making it less practical for widespread diagnostic 

use127. To address this, there is a growing demand for more practical and 

accessible methods to study central sensitization in clinical settings. Cost-

effective, portable, and easily implementable approaches that still capture 

key neural dynamics could serve as alternatives to advanced imaging 

techniques like fMRI. Such methods have the potential to bridge the gap 
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between experimental research and routine clinical use, enabling a more 

widespread and standardized assessment of central sensitization. 

 

I.3.2.2.2. Nociceptive flexion reflex 

 

The nociceptive flexion reflex, known as the RIII reflex, is a polysynaptic 

spinal withdrawal response elicited by noxious stimuli128. In the context of 

central sensitization, the RIII reflex is particularly valuable due to its 

sensitivity to changes in spinal cord excitability128, 129. The RIII reflex, primarily 

used to measure the threshold for eliciting the reflex, decreases in sensitized 

states and has been observed following interventions such as HFS or 

capsaicin application to induce sensitization130-132. Moreover, the RIII 

threshold appears to correlate with subjective pain thresholds, reinforcing 

its validity as a proxy for spinal excitability changes during sensitization124, 133. 

However, further studies are needed to confirm and generalize these 

findings across different populations and experimental conditions, ensuring 

the robustness of this correlation. Another measure, the reflex area under 

the curve (AUC), quantifies the magnitude of muscle activity following 

stimulation. Although this parameter shows less consistent modulation 

across studies, it may capture dynamic changes in spinal excitability, 

particularly when ongoing nociceptive input is present116, 134. 

While the RIII reflex offers significant strengths, it is not without limitations. 

Its reliability can be affected by experimental parameters such as stimulation 

frequency, intensity, and electrode placement, potentially introducing 

variability in outcomes. These considerations underscore the importance of 
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standardization and meticulous methodological design in studies using the 

RIII reflex116, 135.  

 

I.3.2.2.3. N13 component 

 

Generated by postsynaptic responses of neurons within the cervical dorsal 

horn, the N13 component of somatosensory evoked potentials (SEP) reflects 

the processing of input from large, myelinated, non-nociceptive fibers136, 137. 

This neurophysiological measure has been recognized as a promising tool for 

investigating central sensitization, providing a non-invasive marker to assess 

changes in dorsal horn dynamics138. Unlike other measures, such as the 

nociceptive flexion reflex, which require painful stimuli, the N13's reliance on 

non-noxious stimulation makes it more suitable for clinical settings and 

longitudinal pharmacological studies. Recent research has demonstrated the 

N13's sensitivity to experimental pain models designed to induce central 

sensitization. For instance, topical capsaicin application increases the N13 

amplitude, suggesting enhanced dorsal horn excitability139. Similarly, LFS, 

known to induce wind-up and facilitate dorsal horn changes, has been shown 

to modulate N13 amplitudes in a manner distinct from HFS140. These findings 

underscore the N13 component's capacity to reflect dynamic changes in the 

spinal cord's excitatory and inhibitory balance, aligning well with the 

underlying mechanisms of central sensitization. 

The study of Di Leonardo et al. (2021) showed the ability of the N13 

component to track dorsal horn excitability alterations has been linked to its 
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responsiveness to pharmacological interventions targeting central 

sensitization, such as pregabalin, which prevents capsaicin-induced N13 

modulation139. This opens avenues for its use in early-stage drug trials aimed 

at developing novel analgesics that target spinal mechanisms. 

Despite its promise, the N13 component has limitations that must be 

addressed. While the N13 reflects spinal processing, its relationship with 

subjective pain perception and secondary hyperalgesia remains unclear, as 

studies have failed to find strong correlations between N13 changes and 

behavioural hyperalgesia scores116, 139. The low amplitude of the signal, 

particularly for ulnar nerve stimulation, presents challenges in detecting 

subtle changes at the individual level, potentially limiting its use as a 

biomarker. Furthermore, while N13 is modulated by LFS, it remains 

unaffected by HFS, indicating that its ability to reflect central sensitization is 

highly dependent on the experimental pain model used140. 

 

I.3.2.2.4. Electroencephalography  

 

Electroencephalography (EEG) is a non-invasive technique commonly used to 

study central sensitization in humans, as it measures brain electrical activity, 

particularly postsynaptic activity141-143. With its high temporal resolution, EEG 

captures rapid neural dynamics by detecting real-time brain signals through 

surface electrodes placed on the scalp, offering valuable insights into 

ongoing neuronal oscillations144. Beyond its applications in the clinic for 

diagnosing neurological conditions, EEG is also used for research purposes to 

evaluate neurophysiological functions such as sensory and cognitive 
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processing145, 146. As pain perception is believed to arise from oscillations in 

brain activity, identifying objective features that reflect this process in a less 

operator-dependent manner is of great interest147-149. However, despite 

promising results of some pain biomarkers, most brain responses observed 

when a nociceptive stimulus is presented can also be observed when salient 

non-nociceptive (visual, auditory, tactile) stimuli are presented44. This 

underscores the need to identify biomarkers that are both highly sensitive 

and specific to nociception. 

From this point, event-related potentials (ERPs) can offer crucial insights into 

the changes in brain activity that occur in response to sensory events150, 151. 

These signals manifest as brief changes in the brain electrical activity that are 

time-locked to specific events152. The idea behind ERPs is similar to EEG: 

when a group of neurons aligns in the same direction and suddenly become 

active simultaneously, this synchronized activity generates ERPs150, 153. 

Although EEG has a relatively poor spatial resolution limiting precise 

localization of neural sources, its high temporal resolution makes it 

particularly well-suited for studying event-related brain responses such as 

evoked potentials151. ERPs are measured by identifying the negative (N-

wave) and positive (P-wave) peaks which reflect synchronized activation of a 

population of neurons154, 155. To detect these peaks among the ongoing 

electrical activity in the brain, stimuli are repeated multiple times, and 

responses are averaged across trials in the time-domain156, 157. This technique 

helps to get rid of the non-stimulus-evoked noise, leaving a better signal-to-

noise ratio (SNR) of brain responses triggered by specific events152. 
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As previously mentioned, pinprick stimuli serve as a standard method for 

detecting secondary mechanical hyperalgesia, which is thought to be a 

correlate of central sensitization. The state of central sensitization induced 

experimentally can also be assessed through the recording of brain activity 

using pinprick-evoked potentials (PEPs)141, 143, 158. The aim of discovering 

more biomarkers for central sensitization is to develop a set of reliable 

measurements that could constitute composite biomarkers. These are 

believed to provide more reliable results compared to using individual 

markers, whether in clinical practice or experimental research settings159, 160. 

In response to brief and sharp mechanical stimulus, PEPs are defined by a 

biphasic complex consisting of a negative peak followed by a positive peak 

maximal at the vertex.  The negative deflection occurs typically between 100 

and 150 ms, and the positive deflection between 250 and 300 ms141, 158, 161, 

162. During EEG recording, PEPs are induced by mechanical pinprick 

stimulations applied to the skin, typically performed manually but also 

possible using a robot-controlled device141, 162, 163. It has been shown that the 

amplitude of PEPs (the negative-positive complex) is increased after the 

experimental induction of central sensitization141, 158, 162. However, in those 

studies, the signal-to-noise ratio is quite low, and identifications of the peaks 

can then be difficult. This is probably due to the variability in the force applied 

manually with the pinprick to the skin, which leads to latency jitter and less 

synchronized responses163. In Iannetti's 2013 study, where PEPs were 

recorded before and after the induction of central sensitization through 

capsaicin injections, the researchers observed a significant increase in the 

amplitude of the negative peak post-capsaicin injections141. In that study, the 

later-latency positive peak remained unaffected. This contrasts with the 
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studies by van den Broeke et al. (2015, 2017), which found that only the 

positive peak was enhanced after the experimental induction of central 

sensitization by HFS158, 161.  

It is important to note that the latency of PEPs is compatible with the 

conduction velocity of myelinated fibers, including Aβ fibers and fast-

conducting nociceptive Aδ fibers164, 165.  Therefore, a hypothesis proposed by 

van den Broeke et al. (2015) states that the enhancement of the N-wave 

reported in the study of Iannetti in 2013 might be at least partly non-modality 

specific158. It might be related to the activity of non-nociceptive low threshold 

mechanoreceptors activated by a too quick manual application of the 

pinprick stimuli, which was the case in Iannetti’s studies. To minimize this 

variability and improve the SNR of PEPs, robotic application has started to be 

used in this context, which seems promising regarding the high quality of the 

data162, 163. 
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In addition to time-domain analysis, it is also possible to analyse the data 

using a time-frequency analysis166. Indeed, researchers have consistently 

Note on the pinprick-robot functioning 

 

The robot is equipped with three linear computer-controlled stages. The 

initial two stages are responsible for the horizontal (X/Y) positioning of 

the pinprick probe, while the third stage, which holds the pinprick probe, 

manages its vertical (Z) movement. Each stage can move at a rate of 25 

mm/s, with a precision of 0.1 mm. The construction of the pinprick probe 

features a stainless-steel flat tip probe with a diameter of 0.35 mm and 

flat geometry, atop which a calibrated cylindrical weight is placed. This 

assembly is housed within an aluminium tube secured by the robot. When 

the probe is applied perpendicularly to the skin, it and the weight can slide 

freely within the tube, exerting a consistent normal force determined 

solely by their combined mass. A high-resistance switch within the system 

activates a trigger in the EEG, marking the onset of stimulation. The 

trigger is activated when the probe contacts the skin, reducing the 

impedance between the probe and an electrode positioned on the skin at 

the wrist. To decrease the impedance at the contact point, a thin layer of 

conductive gel was applied to the skin. Before each testing block began, 

the X/Y/Z positions of the pinprick stimulator were adjusted to ensure the 

probe was positioned about 5 mm above the skin, at the centre of the test 

area. 
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found that different types of sensory input, including nociceptive stimuli, 

induce noticeable changes in activity within a specific range of brain 

oscillations145, 147, 167-170.  In this thesis, we will focus on gamma-band 

oscillations (GBOs), which occur between 30 and 100 Hz. These high-

frequency oscillations have shown great promise as biomarkers for pain148, 

171, 172. They are believed to reflect important processes in the brain related 

to perception, attention, and memory. Their presence in response to painful 

stimuli suggests they could be key indicators of pain perception147, 173-175. 

However, the exact neural origin of pain-related GBOs and their consistency 

across individuals remain a topic of debate176.  

 

I.4. Early detection, lasting relief: identifying at-risk patients for 

persistent postsurgical pain before surgery 

 

Persistent postsurgical pain (PPSP) is influenced by a complex interplay of 

factors, including preoperative pain, acute postoperative pain, psychological 

and genetic factors, and even sleep quality177-180. One of the most consistent 

findings is that acute postoperative pain strongly predicts the development 

of chronic pain. Several studies indicates that patients experiencing severe 

pain immediately after surgery are more likely to develop chronic pain 

conditions177, 181-184. While the exact mechanisms driving this shift remain 

unclear—whether due to lasting changes in the nervous system, insufficient 

pain control, or other factors—it is evident that effective acute pain 

management is crucial.  
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Among the potential contributors, pronociceptive profiles have emerged as 

significant.  

These profiles are characterized by an imbalance in pain modulation, where 

facilitation dominates over inhibition185, 186. Defined by inefficient 

conditioned pain modulation or exaggerated temporal summation, these 

profiles may predispose individuals to a heightened risk of persistent 

postoperative pain187, 188. They may also be influenced by factors interacting 

with central sensitization mechanisms, further amplifying pain sensitivity and 

facilitating the transition from acute to chronic pain187, 189. Preoperative 

psychological factors, such as anxiety and catastrophizing, have been shown 

to exacerbate acute and persistent pain, creating pathways that increase the 

likelihood of chronic pain development190, 191. A deeper understanding of 

these contributors is essential for refining predictive models of persistent 

pain and tailoring personalized interventions to improve patient outcomes.  

 

I.4.1. Experimentally and surgically induced central sensitization 

 

The relationship between experimentally induced hyperalgesia and surgically 

induced postoperative pain has the potential to offer valuable insights into 

central sensitization mechanisms, though research in this area remains 

limited. In 2002, Dirks et al. found a strong association between heat-induced 

secondary hyperalgesia and surgically induced mechanical hyperalgesia in 

postoperative patients, suggesting a shared mechanism of central 

sensitization. Their study demonstrated that both forms of hyperalgesia 
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were significantly associated at baseline and similarly alleviated by 

remifentanil, a short-acting opioid known to reduce hyperalgesia192. These 

findings reinforces the hypothesis that central sensitization contributes to 

both experimental and clinical pain states, particularly postoperative pain42. 

However, aside from the study mentioned above, there is limited evidence 

explicitly linking experimental models of hyperalgesia to clinical conditions 

such as persistent postoperative pain. This scarcity of research underscores 

the need for further research to bridge the gap between experimental 

models and clinical reality, allowing for a more comprehensive 

understanding of central sensitization and its role in postoperative pain. 

 

I.4.2. Preoperative factors 

 

I.4.2.1. Psychological aspects  

 

While the literature extensively reports the role of preoperative 

psychological factors in pain outcomes, specific factors such as depression 

and anxiety are consistently identified as predictors of both acute and 

chronic pain193-197. Granot and Ferber (2005) demonstrated that pain 

catastrophizing and anxiety significantly predict acute postoperative pain 

intensity, highlighting the profound impact of psychological distress on acute 

pain perception198. Supporting this, Kornilov et al. (2016) found that patients 

with a HADS score above 8 experienced more hours of moderate to severe 

postoperative acute pain daily199. Additionally, Erdogan and Ozenc (2018) 
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identified a correlation between HADS scores and chronic neuropathic pain 

using the DN4 questionnaire, emphasizing the long-term implications of 

preoperative anxiety and depression200.  

It is widely recognized that patients who fear surgery often experience higher 

levels of acute postoperative pain, anxiety, and depression, which can 

contribute to the transition from acute to chronic pain201, 202. Surgical fear 

and pain catastrophizing are intricately linked to attentional mechanisms, 

which play a significant role in how pain is processed and experienced203, 204. 

It is postulated that top-down processes can modulate pain perception by 

shifting attention to complex cognitive tasks, thus reducing the attention on 

pain205. A recent study investigated whether performing a cognitively 

demanding task requiring high attention reduces the development of 

secondary mechanical hyperalgesia compared to an easier task with lower 

attentional demands206. No significant differences were found between the 

two groups in terms of intensity of mechanical pinprick sensitivity or the 

spatial extent of secondary mechanical hyperalgesia, which is in agreement 

with previous similar studies207, 208 but in contradiction with others83. Thus, 

the precise relationship between attention and secondary mechanical 

hyperalgesia remains unclear, highlighting the need for further research on 

cognitive demands and pain modulation. 

 

I.4.2.2. Sleep 

 

Animal and human studies have shown that sleep deprivation can cause 

hyperalgesia and reduced pain threshold209-213. However, only one human 
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study has explored its effect on secondary mechanical hyperalgesia so far. In 

this study, Campbell et al. (2011) used the heat-capsaicin nociceptive model 

to investigate the relationship between self-reported habitual sleep duration 

and the extent of secondary hyperalgesia and skin flare214. They discovered 

that individuals who reported sleeping ≤ 6.5 hours per night experienced a 

larger area of secondary hyperalgesia compared to those sleeping more. 

Additionally, they found a correlation between habitual sleep duration and 

the degree of local skin flare. This suggests that, beyond its impact on 

nociceptive processing within the spinal cord, sleep may also influence 

peripheral mechanisms involved in local inflammation. 

Numerous clinical studies have shown that sleep and pain have a 

bidirectional relationship, with sleep disturbances being stronger predictors 

of chronic pain than the reverse215-219. It has been shown that patients with 

lower sleep efficiency the night prior a breast surgery have significantly 

higher levels of acute postoperative pain220. A systematic review confirmed 

these results, by showing that preoperative sleep issues were a strong 

predictor of acute postoperative pain221. Regarding PPSP, multiple studies 

report similar findings to those on acute pain, indicating that poor 

preoperative sleep quality predicts persistent postoperative pain222-224. 
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I.5. Aim of the thesis 

 

 

Chronic pain is a complex and subjective experience that can have a 

significant impact on patients’ quality of life, ability to work, and mental 

health225-227. Patients suffering from chronic pain often experience the stigma 

of having a disease that is not readily obvious on the outside228. Almost 20% 

of Europeans experience chronic pain in their life, and only 40% of these 

patients report receiving appropriate pain relief229. Currently, there is a lack 

of well-defined preventive strategies to address chronic pain, highlighting 

the need for both basic and clinical research. Investigating how to assess 

central sensitization in humans and identifying factors that influence or 

predict its development is therefore essential. This may contribute to the 

current scientific knowledge and ultimately, improve chronic pain patient 

care. 

The aim of my thesis is to investigate methods for effectively inducing 

(Chapter 2), assessing (Chapter 3), and modulating (Chapter 4) central 

sensitization in humans through electrical skin stimulation, and to assess 

its potential clinical applications (Chapter 5).  

 

Rationale for methods used to investigate central sensitization 

HFS was selected as the primary method of inducing central sensitization in 

the following studies due to its non-invasive nature, efficiency, and reliable 

ability to produce long-lasting hyperalgesia71, 72, 80.  
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HFS also stands out for its ease of application and absence of after-

sensations, making it the preferred method in experimental studies57. For the 

assessment of secondary mechanical hyperalgesia, the pinprick device was 

chosen given its well-documented ability to activate nociceptive Aδ fibers 

involved in secondary mechanical hyperalgesia development. Unlike other 

available methods, the pinprick device offers reliability and consistency, as it 

has been consistently shown to elicit increased perception following HFS, 

thereby ensuring robust and reproducible results78, 112, 118. Finally, EEG was 

employed as a neurophysiological tool because of its non-invasive nature, 

high temporal resolution, and practicality in clinical and experimental 

settings.  

 

Empirical chapters: 

Chapter 2: Determining the optimal high-frequency stimulation parameters 

to experimentally induce central sensitization 

Studying pain requires having reliable pain models to help researchers 

understand its mechanisms and identify factors that contribute to modulate 

pain perception. Secondary mechanical hyperalgesia is presumed to be a 

perceptual correlate of central sensitization, and it can be induced 

experimentally by applying HFS onto the skin70, 73, 74, 115. Previous studies 

investigating the effects of HFS on secondary mechanical hyperalgesia used 

fixed parameters with a frequency of 100 Hz and a pattern of burst-like 

pulses that were non-charge compensated81, 117, 120. In fact, little was known 

about how different HFS parameters influence the development of 
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secondary mechanical hyperalgesia in humans. The present chapter aims to 

determine the optimal HFS parameters to induce the most robust secondary 

mechanical hyperalgesia, which can subsequently be applied in patient 

studies. This chapter, composed of two complementary parts, is based on 

work conducted during my master’s thesis and my lab-internships between 

2019 and 2020. Their inclusion in the manuscript is justified by their role in 

supporting the overarching aims of this thesis. 

 

Chapter 3: Cortical gamma-band oscillations as electrophysiological 

indicators of central sensitization 

Identifying objective biomarkers of central sensitization remains a significant 

challenge, particularly when utilizing EEG techniques230. In animal studies, 

GBOs induced by nociceptive stimuli have been proposed as potential 

electrophysiological markers of central sensitization, reflecting the 

processing of nociceptive inputs231. However, no studies to date have 

investigated this marker in the context of central sensitization in humans. 

Building on this, this chapter examines the presence of scalp GBOs evoked 

by mechanical stimuli activating skin nociceptors in healthy volunteers, both 

before and after the induction of secondary mechanical hyperalgesia 

through HFS. This study seeks to determine whether GBOs could reliably 

serve as biomarkers for central sensitization in human models. 

 

Chapter 4: The impact of negative expectations on the development of 

central sensitization 
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Negative expectations are known to influence pain perception and 

contribute to the persistence of pain232-234.  A previous study demonstrated 

that fostering negative expectations about post-HFS mechanical pinprick 

sensitivity can amplify its perception235. Building on this, we questioned 

whether similar effects would occur when negative pain expectations are 

directed towards HFS. By exploring how the anticipation of heightened pain 

influences secondary mechanical hyperalgesia, this study aims to clarify the 

role of pain-related expectations in central sensitization. 

 

Chapter 5: Central sensitization and persistent postoperative pain 

Finding predictive markers for PPSP is crucial for tailoring preventive 

measures and improving patient outcomes. By identifying at-risk individuals 

preoperatively, clinicians can employ targeted interventions to mitigate 

chronic pain development236, 237, 238-240. Indeed, in addition to psychological 

factors and postoperative acute pain, detecting predictive markers prior to 

surgery could be more effective, enabling the implementation of preventive 

strategies before central sensitization has the chance to develop. 

Furthermore, composite biomarkers that integrate psychological and 

physiological factors could enhance predictive accuracy and improve patient 

outcomes159. This opens the possibility of developing a model that combines 

psychological factors and biomarkers to assess the likelihood of chronic pain 

development in patients. Therefore, the aim of this chapter is to study 

individual variations in the susceptibility to develop persistent postsurgical 

pain after a thoracotomy, with a specific focus on preoperative sensitivity to 

develop central sensitization. 
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II. Chapter 2. Determining the optimal high-frequency stimulation 

parameters to experimentally induce central sensitization 

 

Part 1: Heterosynaptic facilitation of mechanical nociceptive 

input is dependent on the frequency of conditioning stimulation 

 

E. N. van den Broeke, S. Gousset*, J. Bouvy*, A. Stouffs, L. Lebrun, S. G. 
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Abstract 

Background: High frequency stimulation (HFS) applied to human skin induces 

an increase in mechanical pinprick sensitivity of the surrounding 

unconditioned skin referring to secondary mechanical hyperalgesia. High-

frequency stimulation, traditionally delivered with non-charge-compensated 

square-wave pulses, may induce a cumulative depolarization of primary 

afferents and/or changes in pH at the electrode-tissue interface due to the 

accumulation of a net residue charge after each pulse. Both could contribute 

to the development of the increased pinprick sensitivity in a frequency-

dependent fashion. The present study assessed the effect of frequency of 

conditioning stimulation on the development of this increased pinprick 

sensitivity in humans.  

Methods: In a first experiment, we compared the increase in pinprick 

sensitivity induced by HFS, using monophasic non-charge-compensated 

pulses and biphasic charge-compensated pulses. In a second experiment, we 

assessed the effect of different frequencies of conditioning stimulation (5, 

20, 42, and 100 Hz) using charge-compensated pulses on the development 

of increased pinprick sensitivity. 

Results: We found no significant difference in the increase in pinprick 

sensitivity between HFS delivered with charge-compensated and non-

charge-compensated pulses, indicating that the possible contribution of 

charge accumulation when non-charge-compensated pulses are used is 

negligible. We found that the maximal increase in pinprick sensitivity was 

observed at intermediate frequencies of stimulation (20 and 42 Hz). 

Conclusion: In summary, our results show that the induction of increased 

pinprick sensitivity by repeated burst-like electrical stimulation of cutaneous 

nociceptors is not significantly dependent on charge accumulation within the 

stimulated tissues. We also found that the induced increased pinprick 

sensitivity is significantly dependent on the frequency of the burst 

stimulation, being maximal at intermediate frequencies of stimulation. 
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II.1. Introduction 

 

Long-term potentiation (LTP) refers to a long-lasting increase in synaptic 

efficacy and was discovered after repetitive stimulation in the rabbit 

hippocampus14, 241, 242. LTP is thought to be a crucial mechanism involved in 

memory formation70. Animal studies have shown that LTP can also be 

induced in spinal nociceptive pathways. Indeed, it has been shown that high-

frequency burst like stimulation (HFS; several bursts of 100 Hz for 1 s) of 

primary C-fiber nociceptors triggers LTP between the peripheral C-fiber 

terminals and spinal lamina I neurons projecting to the parabrachial area of 

the brain stem243, 244. Moreover, Kronschläger et al. (2016) showed that HFS 

also activates glial cells in the spinal cord that, via the release of D-serine and 

tumour necrosis factor, trigger LTP at remote or nearby C-fiber synapses31. 

LTP at synapses that were active during conditioning stimulation 

(homosynaptic LTP) may contribute, besides peripheral sensitization, to 

primary hyperalgesia, i.e., the increase in pain at the site of tissue injury or 

inflammation24. LTP at remote synapses (heterosynaptic LTP) could 

contribute to the phenomenon of secondary mechanical hyperalgesia, i.e., 

the increase in pain sensitivity that develops surrounding the site of tissue 

injury18, 31. In humans, HFS (5 trains of 100 Hz for 1 s, repeated at 10-s 

intervals) delivered to the skin induces a pronounced and long-lasting 

increase in mechanical pinprick sensitivity in the surrounding skin, a 

phenomenon reminiscent of secondary mechanical hyperalgesia72, 75, 76, 117, 

118. We also showed that after HFS the perception elicited by small-spot laser 

stimuli selectively activating C-fiber nociceptors is enhanced when the 

stimuli are delivered inside the surrounding area of increased pinprick 
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sensitivity, although the effect of HFS on these laser stimuli was less 

pronounced than the effect on pinprick stimuli120. The effect of HFS on the 

perception elicited by the C-fiber laser stimuli could be a perceptual correlate 

of the “gliogenic” heterosynaptic LTP at C-fiber synapses identified by 

Kronschläger et al. (2016) in animals31. However, a peripheral origin cannot 

presently be excluded. 

Previous studies using intradermal capsaicin injection to induce increased 

pinprick sensitivity surrounding the site of injection in humans have shown 

that the increase in pinprick sensitivity is mediated by A-fiber nociceptors 

rather than C-fibers112. Moreover, by recording the activity of nociceptive 

neurons in the primate spinal cord before and after intradermal capsaicin 

injection, Simone et al. (1991) showed that after the injection both high-

threshold (HT) neurons in lamina I and wide-dynamic-range (WDR) neurons 

in lamina V respond more strongly to mechanical pinprick stimuli delivered 

to the skin surrounding the injection site39. The same group also recorded the 

activity of peripheral A-fiber and C-fiber nociceptors, but their activity was 

unchanged58, confirming that the increase in responsive-ness of spinal 

neurons results from a facilitation at spinal level. Torsney (2011) found that 

inflammation of the hind paw of rats by complete Freund’s adjuvant 

increases the incidence and magnitude of monosynaptic A-fiber input to 

lamina I neurons expressing the neurokinin-1 (NK1) receptor. It was 

hypothesized that this novel monosynaptic A-fiber input results from 

normally “silent” synapses and that this may contribute to secondary 

mechanical hyperalgesia245. It is, however, presently not known whether 

spinal LTP also affects A-fiber-mediated synaptic transmission18.  
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Henrich et al. (2015) showed that when HFS is delivered to skin pretreated 

with capsaicin to induce a denervation of transient receptor potential 

vanilloid (TRPV) 1-expressing nociceptors, HFS does not induce any long-

lasting increase in pinprick sensitivity in the surrounding skin. They also 

showed that both A- and C-fiber nociceptors contribute to the induction of 

increased pinprick sensitivity, but the contribution of C-fiber input is greater 

than that of A-fibers117. Taken together, these results suggest that mainly 

TRPV1-expressing C-fiber nociceptors are involved in the HFS-induced 

enhancement of pinprick sensitivity. It is thought that the activation of 

mechano-insensitive “silent” C-fiber nociceptors is crucial for the induction 

of secondary mechanical hyperalgesia246, 247. However, in pig skin this 

subclass of nociceptors shows conduction failure at high frequencies of 

stimulation, which raises the question of the extent to which this subclass of 

C-fibers contributes to the induction of secondary mechanical hyperalgesia 

by HFS248. However, in rats some C-fiber nociceptors are able to follow HFS 

249. Not much is known about the effect of frequency of the conditioning 

stimulation on the development of the increased pinprick sensitivity in 

humans. Xia et al. (2016) investigated the effect of three frequencies of 

electrical conditioning stimulation (1, 100, and 200 Hz) on the averaged 

magnitude of the increase in pinprick sensitivity in the surrounding skin. 

Although the magnitude of the increase in pinprick sensitivity was not the 

same between the different frequencies (100 Hz > 200 Hz > 10 Hz), no 

statistically significant differences were observed. In that study, the authors 

matched the 10-Hz and 100-Hz frequencies regarding the total number of 

stimuli, pulse duration, and total duration of the protocol.  
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Consequently, the pattern of stimulation was not the same, which makes it 

difficult to compare the two conditions. Indeed, whereas the 100-Hz 

condition consisted of five trains of 100 Hz that lasted for 1 s and were 

repeated in a 10-s interval, the 10-Hz condition consisted of continuous 

stimulation76. Another previous study comparing 20-Hz continuous 

stimulation versus 20-Hz stimulation for 1 s repeated with a 2-s intertrain 

interval found that continuous stimulation induces hypoalgesia to pinprick 

stimulation, whereas burst stimulation induces hyperalgesia250. 

Furthermore, in the study by Xia et al. (2016), they used square-wave 

electrical pulses. Because square-wave electrical pulses are not charge 

compensated, a net residue charge may accumulate after each pulse. This 

accumulation can be expected to be stronger when the frequency of pulse 

delivery is high, leading to a stronger cumulative depolarization of the 

membrane potential of afferent fibers and/or tissue damage or inflammation 

related to changes in pH at the electrode-tissue interface251, 252. Therefore, 

the present study had two aims. The first aim was to assess whether the 

increase in pinprick sensitivity induced by HFS is dependent on cumulative 

depolarization of the membrane potential and/or inflammation related to 

changes in pH at the electrode-tissue interface. To test this, we compared 

the increase in pinprick sensitivity induced by HFS delivered with non-charge-

compensated versus charge-compensated electrical pulses (experiment 1). 

The second aim was to explore whether the development of the increase in 

pinprick sensitivity depends on the frequency of the conditioning stimulation 

(experiment 2). If indeed mechano-insensitive “silent” C-fiber nociceptors 

play a crucial role, one would expect a stronger increase in pinprick sensitivity 

induced by low frequencies of stimulation compared with high frequencies 
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of stimulation. In this second experiment, four frequencies were tested (5, 

20, 42, and 100Hz) with charge-compensated electrical pulses, keeping 

constant both the total number of pulses and the stimulation pattern (1-s 

trains separated by a 10-s intertrain interval). 

 

II.2.  Methods 

 

Participants 

Fifteen healthy volunteers took part in experiment 1 [7 men and 8 women; 

aged 21–27 years old, 23.5 ± 1.6 yr (mean ± SD)]. In this experiment, 

participants took part in two experimental sessions separated by at least 1 

week, during which they were exposed to either charge-compensated 100-

Hz HFS or non-charge-compensated 100-Hz HFS. The order of the two 

sessions was counterbalanced across participants. Sixty participants took 

part in experiment 2 (31 men and 29 women; aged 18–40 years old, 23.4±4.3 

years old), 15 participants per condition (5, 20, 42, and 100 Hz). For the 100-

Hz group, this included the data of the seven participants of experiment 1 

who had received 100-Hz charge-compensated HFS in the first experimental 

session. All participants were naive regarding HFS. The experiments were 

conducted according to the Declaration of Helsinki (except for 

preregistration of the trial). Approval for the experiments was obtained from 

the local Ethical Committee (Comité d’Ethique Hospitalo-Facultaire des 

Cliniques Universitaires Saint-Luc, UCLouvain) of the Université Catholique 

de Louvain (UCLouvain) (B403201316436). All participants gave written 
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informed consent and received financial compensation for their 

participation. 

 

Experimental Design 

In both experiments, the electrical conditioning stimulation was applied to 

the dominant or nondominant volar forearm, counterbalanced across 

participants (10 cm distal to the cubital fossa) (Figure 1). Handedness was 

assessed with the Flinders Handedness Survey253. Pinprick sensitivity of the 

skin was assessed by applying mechanical pinprick stimuli (128 mN) before 

applying the conditioning stimulation (“Pre”) and 20 min after the end of the 

conditioning stimulation (“Post”) to the skin surrounding the site where the 

conditioning stimulation was delivered (“pinprick test area”) and to the 

corresponding skin area of the contralateral arm serving as control. In 

experiment 1, we compared in a crossover design the increase in pinprick 

sensitivity induced by 100-Hz HFS delivered with either biphasic charge-

compensated pulses or monophasic non-charge-compensated pulses (Figure 

2). In experiment 2, we compared in a between-subject design the change in 

pinprick sensitivity induced by 100-Hz HFS to the change in pinprick 

sensitivity induced by 5-, 20-, and 42-Hz conditioning stimulation. In this 
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second experiment, all stimuli were delivered with biphasic charge-

compensated pulses. 

 

Figure 1. Experimental design. A, left: conditioning stimulation is applied to the 

dominant or nondominant volar forearm. Pinprick stimulation (128 mN) was applied 

to the skin surrounding the area onto which conditioning stimulation was applied 

(“pinprick test area”) as well as to the same skin area on the contralateral control 

arm. Right: characteristics of the conditioning electrode. B: timeline of the 

experiment. The perceived intensity elicited by the pinprick stimulation was assessed 

at 2 different time points: before conditioning stimulation (“Pre”) and 20 min after 

application of conditioning stimulation (“Post”). At the end of the experiment the 

area of increased pinprick sensitivity at the conditioning arm was mapped. 
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Conditioning stimulation 

All stimuli were delivered to the forearm skin with a constant current 

electrical stimulator (Digitimer DS5, Welwyn Garden City, UK) and a 

specifically designed electrode built at the Centre for Sensory-Motor 

Interaction (Aalborg University, Aalborg, Denmark). The electrode consists of 

16 blunt stainless-steel pins (diameter: 0.2 mm) protruding 1 mm from the 

base. The pins are placed in a 10-mm-diameter circle and serve as cathode. 

A stainless-steel anode electrode is concentrically located around the steel 

pins (inner diameter: 22 mm; outer diameter: 40 mm). Monophasic non-

charge-compensated electrical pulses were square-wave pulses with a 2-ms 

pulse width (Figure 2B). Biphasic charge-compensated electrical pulses 

consisted of the same 2-ms square-wave pulse followed, after a 0.1-ms delay, 

by a 4-ms compensation pulse of opposite polarity with half the intensity of 

the first pulse (Figure 2B). In all conditions, intensity of the conditioning 

stimulation was individually adjusted to 20× the detection threshold to a 

single non-charge-compensated monophasic pulse (pulse width: 2 ms). The 

detection threshold was determined after the pre-measurements with a 

staircase procedure. A total of 500 electrical pulses were delivered as 1-s 

trains separated by a stimulation-free interval lasting 9 s. For 100-Hz HFS, 5 

trains were delivered, each including 100 pulses (total duration: 50 s). For 5-

Hz stimulation, a total of 100 trains were delivered, each including 5 pulses 

(total duration: ≈17 min). For 20-Hz stimulation, 25 trains were delivered, 

each including 20 pulses (total duration: ≈4 min). For 42-Hz stimulation, 12 

trains were delivered, 8 including 42 pulses and 4 including 41 pulses (total 

duration: ≈2 min). The 42-Hz stimulation was chosen instead of 40 Hz (the 

double of 20) because it is able to deliver the same total number of stimuli 
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as the 5-Hz, 20-Hz, and 100-Hz stimulations. The electrical pulses were 

triggered by a National Instruments digital-analog interface (NI; National 

Instruments, Austin, TX) controlled by custom MATLAB code (MATLAB 

2014B; MathWorks). 

 

 

Figure 2. A: example of a train of 100 Hz (1 s) delivered with a non-charge-

compensated pulse (top) and a charge-compensated pulse (bottom). Shown is the 

actual current delivered to the skin (stimulation intensity: 5 mA). B: first 2 stimuli of 

each train in A. Left: non-charge-compensated pulses. Right: charge-compensated 

pulses. 
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Quantifying Changes in Perceived Intensity of Mechanical Pinprick Stimuli 

To assess changes in pinprick sensitivity, a calibrated pinprick stimulator 

exerting a normal force of 128 mN with a 0.25-mm probe (MRC Systems, 

Heidelberg, Germany) was applied perpendicular to the skin. Before 

application of the conditioning stimulation and 20 min after application of 

the conditioning stimulation a total of three pinprick stimuli were applied 

inside the pinprick test area of the conditioned arm and the contralateral 

control arm. The target of each pinprick stimulus was displaced after each 

stimulus. Participants were asked to report the intensity of perception 

elicited by the pinprick stimulation on a numerical rating scale ranging from 

0 (no perception) to 100 (maximal pain), with 50 representing the transition 

from nonpainful to painful domains of sensation. For the statistical analysis, 

the mean of the three pinprick ratings was calculated for each arm and time 

point. 

 

Mapping Area of Increased Pinprick Sensitivity 

The same pinprick stimulator was used to map the area of increased 

mechanical pinprick sensitivity after conditioning stimulation. Mechanical 

pinprick stimuli were applied to the skin along eight axes, each separated by 

an angle of 45°. Along each axis, testing started far outside the skin showing 

increased pinprick sensitivity and moved towards the centre of the 

conditioning site in steps of 1 cm. Participants were instructed to indicate the 

point at which the pinprick perception changed. This point was then 

indicated on the skin with a marker. Then, the distance between each mark 

and the centre of the conditioning stimulation was measured.  
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Finally, the area was drawn on millimetre paper, and the surface (cm²) was 

calculated with the open-source platform Fiji254. 

 

Statistical analysis 

Statistical analyses were performed with SPSS Statistics 24 (IBM, Armonk, 

NY). In experiment 1, the changes in perceived pinprick intensity induced by 

non-charge-compensated monophasic pulses and charge-compensated 

biphasic pulses were compared with a repeated measures ANOVA with three 

within-subject factors: “time” (Pre vs. Post), “arm” (conditioned vs. control), 

and “condition” (charge compensated vs. non-charge compensated). Post 

hoc paired t-tests were performed comparing the Post minus Pre change in 

perception intensity at the conditioned arm versus the control arm. To 

compare the size of the area of increased pinprick sensitivity after charge-

compensated versus non-charge-compensated HFS, we performed a paired 

t-test on the individual area sizes (cm2). In experiment 2, the change in 

intensity of pinprick perception after conditioning stimulation using four 

frequencies of stimulation was compared with a mixed ANOVA with two 

within-subject factors, “time” (Pre vs. Post) and “arm” (conditioned vs. 

control), and one between-subject factor, “condition” (5, 20, 42, and 100 Hz). 

Tukey post hoc tests were performed comparing the Post minus Pre change 

in pinprick intensity ratings at the conditioned arm versus the control arm. 

The size of the area of increased pinprick sensitivity was compared across the 

four frequencies of stimulation (5, 20, 42, and 100 Hz) with a one way-

ANOVA. A Tukey post hoc test was performed to identify which comparisons 

were significantly different. Finally, to test whether the electrical detection 
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thresholds to a monophasic non-charge-compensated pulse differed in the 

two experimental sessions of experiment 1, the individual detection 

thresholds were compared by paired t-test. To test whether in experiment 2 

the detection thresholds differed between the four different groups (5, 20, 

42, and 100 Hz), the individual detection thresholds were compared with a 

one-way ANOVA. In all tests, the level of significance was set at P<0.05. 

 

II.3.  Results 

 

 Detection thresholds  

The electrical detection thresholds to a single monophasic non-charge-

compensated pulse in experiment 1 were 0.29 ± 0.13 mA (mean ± SD) for the 

non-charge-compensated condition and 0.32 ± 0.11 mA for the charge-

compensated condition. The electrical detection thresholds in experiment 2 

were 0.25 ± 0.09 (5 Hz), 0.27 ± 0.10 (20 Hz), 0.29 ± 0.09 (42 Hz), and 0.29 ± 

0.12 (100 Hz). No significant difference in electrical detection thresholds was 

observed between the charge-compensated and non-charge-compensated 

conditions of experiment 1 and between the four groups in experiment 2.  

Experiment 1  

Intensity of pinprick perception 

The means and SDs of the intensity of perception elicited by pinprick stimuli 

delivered before and after HFS at both arms (control vs. conditioned) in both 

conditions (charge-compensated vs. non-charge-compensated pulses) are 
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shown in Figure 3A. The repeated-measures ANOVA revealed a significant 

time × arm interaction [F(1,14) = 54.684, P < 0.001, ր² = 0.796]. This means 

that after HFS the intensity of perception elicited by pinprick stimulation of 

the HFS arm was higher compared with pinprick stimulation of the control 

arm across the two conditions (charge-compensated and non-charge-

compensated stimulation) (Figure 3A). No significant time × arm × condition 

interaction was observed [F(1,14) = 1.392, P = 0.258, ր² = 0.090], suggesting 

that there was no difference in the enhancement of pinprick sensitivity after 

HFS delivered with charge-compensated and non-charge-compensated 

pulses (Figure 3B).  

 

Area size 

The means and SDs of the area of increased pinprick sensitivity after charge-

compensated and non-charge-compensated HFS are shown in Figure 3C. The 

paired t-test comparing area sizes revealed no significant difference between 

charge-compensated and non-charge-compensated pulses [t(14) = 0.738, P 

= 0.472]. Figure 4 shows scatterplots of the individual changes in pinprick 

perception and area size after HFS delivered with a charge-compensated 

pulse versus a non-charge-compensated pulse. 
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Figure 3. A: Intensity of perception elicited by the mechanical pinprick stimulation 

(128 mN) before and 20 min after application of high-frequency burst-like 

stimulation (HFS) using a monophasic non-charge-compensated pulse (left) and a 

biphasic charge-compensated pulse (right). Shown are the group-level average and 

standard deviation (SD) of the numerical rating scale scores (NRS). B: group-level 

average and SD increase in NRS compared with baseline and control site. C, left: 

group-level average and SD area size of the increase in pinprick sensitivity. Right: 

group-level average areas of increased pinprick sensitivity. 
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Figure 4. A: scatterplot (and linear regression line) showing the individual changes in 

pinprick ratings after high-frequency burst-like stimulation (HFS) (compared with 

baseline and control site) delivered with charge-compensated pulses (y-axis) and 

non-charge compensated pulses (x-axis). B: scatterplot (and linear regression line) 

showing the individual area sizes of increased pinprick sensitivity after HFS delivered 

with charge-compensated pulses (y-axis) and non-charge-compensated pulses (x-

axis). 
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Experiment 2 

 

Intensity of perception  

The means and SDs of the intensity of pinprick perception before and after 

conditioning stimulation at both arms (conditioned vs. control) in all four 

groups (5, 20, 42, and 100 Hz) are shown in Figure 5. The mixed ANOVA 

revealed a significant time × arm interaction [F(1,56) = 179.621, P < 0.001, ր² 

= 0.762], compatible with an increase in pinprick perception at the 

conditioned forearm in all four groups (5, 20, 42, and 100 Hz). Most 

importantly, there was a significant time × arm ×  condition interaction 

[F(3,56) = 8.493, P < 0.001 ր² = 0.313], indicating that the strength of the 

increase of pinprick perception at the conditioned arm differed across the 

four frequencies of stimulation. To assess whether the increase in pinprick 

sensitivity was significant in all four groups, we then performed, for each 

group of participants, separate repeated-measures ANOVAs with the factors 

of time and arm. For all four frequencies of stimulation, there was a 

significant time × arm interaction [5 Hz: F(1,14) = 26.846, P < 0.001, ր²= 0.657; 

20 Hz: F(1,14) = 58.031, P < 0.001, ր² = 0.806; 42 Hz: F(1,14) = 86.701, P = 

0.001, ր² = 0.861; 100 Hz: F(1,14) = 20.459, P = 0.001, ր² = 0.594]. Tukey post 

hoc tests performed on the Post minus Pre change in pinprick perception at 

the conditioned arm versus the control arm revealed a significant difference 

between 5- and 20-Hz stimulation (P = 0.007), between 5- and 42-Hz 

stimulation (P < 0.001), and between 42- and 100-Hz stimulation (P < 0.005) 

(Figure 6A).  
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Figure 5. Intensity of perception elicited by the mechanical pinprick stimulation (128 

mN) before and 20 min after application of high-frequency burst-like stimulation 

(HFS) using a biphasic charge-compensated pulse for all frequencies of conditioning 

stimulation (5, 20, 42, and 100 Hz). Shown are the group-level average and standard 

deviation of the numerical rating scale scores (NRS). 

Area size 

The means and SDs of the area of increased pinprick sensitivity after 5-, 20-, 

42-, and 100-Hz conditioning stimulation are shown in Figure 6B. One-way 

ANOVA revealed a statistically significant difference between the different 

frequencies [F(3,59) = 7.781, P < 0.001]. Tukey post hoc tests revealed a 

significant difference between 5- and 42-Hz stimulation (P < 0.001) and 

between 42- and 100-Hz stimulation (P = 0.006) (Figure 6B). 
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Figure 6. A: group-level average and standard deviation (SD) increase in 

numerical rating scale score compared with baseline and control site. B, left: 

group-level average and SD area size of the increase in pinprick sensitivity. P 

< 0.05 refers to the significant comparisons of the post hoc Tukey test. Right: 

group-level average areas of increased pinprick sensitivity. 
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II.4.  Discussion 

 

The present study yields two important findings. First, there is no significant 

difference in the intensity and area size of the increase in pinprick sensitivity 

induced by 100-Hz HFS delivered with charge-compensated and non-charge-

compensated pulses. This result indicates that HFS is able to induce increased 

pinprick sensitivity even when the conditioning pulses are charge 

compensated and that the possible contribution of cumulative 

depolarization of sensory afferents and/or tissue lesion or inflammation 

induced by charge accumulation when non-charge-compensated pulses are 

used is negligible. Second, we show that the increase in pinprick sensitivity, 

which is thought to result from spinal heterosynaptic facilitation, is 

dependent on the frequency of conditioning stimulation. Indeed, with a 

constant number of electrical pulses delivered with the same pattern of 

stimulation (1-s trains delivered every 10 s), intermediate frequencies of 

stimulation (20 and 42 Hz) induce a stronger increase in pinprick sensitivity 

compared with both high-frequency stimulation (100 Hz) and low-frequency 

stimulation (5 Hz). At present, one can only speculate about the possible 

mechanism(s) underlying the frequency dependence of HFS-induced 

increase in pinprick sensitivity. One possibility could be that the frequency-

dependent increase in pinprick sensitivity is related to spinal NK1 activation 

through the release of substance P following primary afferent peptidergic A- 

and C-fiber nociceptor stimulation. Both the release of substance P and the 

activation of the NK1 receptor are frequency dependent249, 255.  
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Indeed, Go and Yaksh (1987) showed in cats that the release of substance P 

after sciatic nerve stimulation at 2, 5, 10, 20, 50, and 200 Hz was largest at 

20 and 50 Hz and then decreased255. Furthermore, Adelson et al. (2009) 

showed in rats that NK1 receptor activation was maximal when C fibers were 

stimulated at frequencies between 30 and 100 Hz249. Moreover, substance P 

can diffuse at a considerable distance from its site of release and may be able 

to activate extrasynaptic NK1 receptors74, 256. Moreover, animal studies have 

shown that spinal lamina I neurons expressing the NK1 receptor play a pivotal 

role in central sensitization and mechanical hyperalgesia257-260. That high-

frequency stimulation induces an increase in pinprick sensitivity similar to 

low-frequency stimulation is somewhat surprising, as the aforementioned 

studies have shown that high-frequency stimulation results in a greater 

release of substance P and more NK1 activation than low-frequency 

stimulation249, 255. One possibility is that HFS triggers LTP at GABAergic 

synapses of spinal lamina I neurons that receive monosynaptic A- or C-fiber 

input261, which may influence the net output (less facilitation) of these lamina 

I neurons. Second, HFS may recruit more strongly descending inhibitory 

pathways that may interact with the development of increased pinprick 

sensitivity. In animals, intense nociceptive stimulation recruits diffuse 

inhibitory noxious controls (DNICs), which can inhibit the activity of WD 

neurons of the dorsal horn262. Simone et al. (1991) showed in primates that 

both HT neurons (in the superficial laminae) and WDR neurons (in deeper 

lamina) show increased responses to pinprick stimulation when these 

pinprick stimuli are applied after intradermal capsaicin injection in the 

surrounding skin, suggesting that WDR neurons also contribute to the 

increase in pinprick sensitivity, at least after capsaicin39.  
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That a DNIC-like mechanism can interfere with the development of increased 

pinprick sensitivity has been shown recently by Xia et al. (2017)263. In that 

study they showed that 10-Hz conditioning stimulation of the forearm skin 

delivered just after the application of conditioned pain modulation to the 

foot, which is believed to recruit a DNIC-like mechanism induces a smaller 

increase in pinprick sensitivity compared with a control condition not 

preceded by conditioned pain modulation264, 265. 

 

II.5.  Conclusion 

 

In summary, our results show that the induction of increased pinprick 

sensitivity by repeated burst-like electrical stimulation of cutaneous 

nociceptors is not significantly dependent on charge accumulation within the 

stimulated tissues. We also found that the induced increased pinprick 

sensitivity is significantly dependent on the frequency of the burst 

stimulation, being maximal at intermediate frequencies of stimulation. 
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Chapter 2. Determining the optimal high-frequency stimulation 

parameters to experimentally induce central sensitization 

 

Part 2: Burst-like conditioning electrical stimulation is more 

efficacious than continuous stimulation for inducing secondary 

hyperalgesia in humans. 

 

S. Gousset, A. Mouraux, E. N. van den Broeke 

Institute of Neuroscience, UCLouvain, Brussels, Belgium 

Publication: Gousset, S., Mouraux, A., van den Broeke, E. N. (2020). Burst-like 

conditioning electrical stimulation is more efficacious than continuous 

stimulation for inducing secondary hyperalgesia in humans.  

Journal of neurophysiology, 123(1), 323–328. 
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Abstract  

Background: The aim of the present study was to compare the efficacy of 

burst-like conditioning electrical stimulation vs. continuous stimulation of 

cutaneous nociceptors for inducing increased pinprick sensitivity in the 

surrounding unstimulated skin (a phenomenon referred to as secondary 

mechanical hyperalgesia).  

Methods: In a first experiment (n=30), we compared the increase in 

mechanical pinprick sensitivity induced by 50-Hz burst-like stimulation 

(n=15) vs. 5-Hz continuous stimulation (n=15) while maintaining constant the 

total number of stimuli and the total duration of stimulation. To control for 

the different frequency of stimulation, we compared in a second experiment 

(n=40) 5-Hz continuous stimulation (n=20) vs. 5-Hz burst-like stimulation 

(n=20), this time while keeping the total number of stimuli as well as the 

frequency of stimulation identical. 

Results: We found a significantly greater increase in mechanical pinprick 

sensitivity in the surrounding unstimulated skin after 50-Hz burst-like 

stimulation compared with 5-Hz continuous stimulation (P=0.013, Cohen’s 

d=0.970). Importantly, in the second experiment we found a significantly 

greater increase in pinprick sensitivity after 5-Hz burst-like stimulation 

compared with 5-Hz continuous stimulation (P=0.009, Cohen’s d=0.868).  

Conclusion: To conclude, our data indicate that burst-like conditioning 

electrical stimulation is more efficacious than continuous stimulation for 

inducing secondary mechanical hyperalgesia. 
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II.1.  Introduction 

 

Long-term potentiation (LTP) refers to a long-lasting activity-dependent 

increase in synaptic strength and was first demonstrated by Bliss and Lømo 

(1973) following brief trains of stimulation of the perforant path to dentate 

granule cells in the hippocampus of anaesthetized rabbits14. Interestingly, 

results seem to indicate that burst-like stimulation is more effective for 

inducing LTP than continuous stimulation266. Activity-dependent LTP can also 

be induced within spinal nociceptive pathways243, 244. For example, Ikeda et 

al. (2003) showed that brief trains of high frequency stimuli (HFS; 100 Hz for 

1 s three times at 10-s intervals), further referred to as burst-like stimulation, 

applied to the rat sciatic nerve triggers homosynaptic LTP at the synapse 

between peripheral C fibers and spinal cord lamina I neurons projecting to 

the parabrachial area in the brainstem243. Also, low frequency continuous 

stimulation (2 Hz for 2 min) triggers homosynaptic LTP but at the synapse 

between peripheral C fibers and spinal cord lamina I neurons projecting to 

the periaqueductal grey244) Besides homosynaptic LTP, HFS also triggers 

heterosynaptic LTP at remote C-fibers, which is induced through the 

activation of spinal glial cells releasing TNF-α and D-serine31.  

In humans, HFS (100 Hz for 1 s five times at 10-s intervals) delivered to the 

skin to intensively activate skin nociceptors increases the perception elicited 

by single weak electrical stimuli delivered through the same electrode at 

which HFS was delivered. Moreover, it increases the perception elicited by 

mechanical pinprick stimuli delivered to the surrounding unstimulated skin72, 

117. It has been suggested that the increase in perception elicited by the weak 

electrical stimuli after HFS is a perceptual correlate of homosynaptic LTP (also 
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referred to as “homotopic pain LTP”), while the increase in mechanical 

pinprick stimuli is a perceptual correlate of heterosynaptic LTP (also referred 

to as “heterotopic pain LTP”)72, 117. Regarding the pattern of conditioning 

stimulation, it is at present unclear if burst-like stimulation is more 

efficacious than continuous stimulation for inducing heterotopic pain LTP. 

A previous study in humans compared the heterotopic pain LTP induced by 

10 Hz continuous stimulation and 100 Hz burst-like stimulation (HFS), while 

keeping the total number of stimuli and total duration of stimulation the 

same for both protocols76. Both conditioning stimuli induced a significant 

increase in mechanical pinprick sensitivity of the surrounding skin. However, 

although the average increase in pinprick ratings was greater after burst-like 

stimulation (49%) as compared to continuous stimulation (27%), these 

differences were not statistically significant. In contrast to these results, De 

Col and Maihöfner (2008) found that 20 Hz continuous stimulation resulted 

in a decreased sensitivity to mechanical pain, i.e. increased mechanical pain 

thresholds in the area surrounding the stimulated skin, suggesting that 

continuous stimulation could induce hypoalgesia rather than hyperalgesia250. 

Finally, both Biurrun Manresa et al. (2010) and Vo and Drummond (2014) did 

not observe any significant changes in pinprick sensitivity after 1 Hz 

continuous conditioning stimulation82, 267. 

The aim of the present study was to test if continuous nociceptive 

conditioning stimulation is more effective than burst-like stimulation in 

inducing “heterotopic pain LTP”. To test this, we compared the change in 

mechanical pinprick sensitivity induced by 50 Hz burst-like stimulation with 

the change in mechanical pinprick sensitivity induced by 5 Hz continuous 
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stimulation (Experiment 1). Both protocols have the same total number of 

stimuli and the same total duration of stimulation.  

Furthermore, to control for a possible effect of frequency of stimulation, we 

also compared the change in mechanical pinprick sensitivity induced by 5 Hz 

continuous stimulation with the change in mechanical pinprick sensitivity 

induced by 5 Hz burst-like stimulation (Experiment 2).  

 

II.2.  Methods  

 

Participants 

Thirty healthy volunteers took part in experiment 1. Participants were 

randomly assigned to either 5-Hz continuous conditioning stimulation (n = 

15, 5 men and 10 women; age 19–27 yr, 22.4 ± 2.4 yr, mean  SD) or to 50-Hz 

burst-like conditioning stimulation (n = 15, 5 men and 10 women; age 21–36 

yr, 23.8 ± 4.0 yr). In experiment 2, 40 healthy volunteers were included (5-Hz 

burst-like stimulation: n = 20, 7 men and 13 women; age 18–40 yr, 23.0 ± 4.9 

yr; 5-Hz continuous stimulation: n = 20, 7 men and 13 women; age 19–27 yr, 

22.6 ± 2.3 yr). Parts of the data were reused from the 5-Hz continuous 

stimulation condition of experiment 1 (n = 15) and the 5-Hz burst-like 

stimulation condition of our previously collected data set (n = 15)80. 

Comparison of these two groups of 15 participants did not reach statistical 

significance. However, the effect size calculated using the means and SD of 

the increase in pinprick sensitivity (compared with baseline and control site) 

was moderate (Cohen’s d = 0.50), which could indicate that we did not have 
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sufficient power to detect a difference. Therefore, to reduce the risk of 

making a type II error, we increased the sample from 15 to 20 by collecting 

data from 5 new participants per group. The experiment was conducted 

according to the Declaration of Helsinki (except preregistration of the trial). 

Approval for the experiments was obtained from the local Ethical Committee 

(Comité d’Ethique Hospitalo-Facultaire des Cliniques Universitaires Saint-Luc 

UCLouvain) of UCLouvain (B403201316436). All participants signed an 

informed consent form and received financial compensation for their 

participation. 

 

Experimental Design 

In all experiments, electrical conditioning stimulation was applied to the 

dominant or nondominant volar forearm, counterbalanced across 

participants (10 cm distal to the cubital fossa; Figure 1). Handedness was 

assessed using the Flinders Handedness Survey253. Before (Pre) and 20 min 

after (Post) the end of the conditioning stimulation, pinprick sensitivity of the 

skin was assessed by applying mechanical pinprick stimuli (128 mN) to the 

skin surrounding the site where the conditioning stimulation was delivered 

(pinprick test area) and to the corresponding skin area of the contralateral 

arm serving as control. 
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Figure 1. Experimental setup. A: conditioning stimulation is applied to the dominant 

or nondominant volar forearm. Pinprick stimulation (128 mN) was applied to the skin 

surrounding the area onto which conditioning stimulation was applied (pinprick test 

area) as well as to the same skin area on the contralateral control arm. B: 

characteristics of the conditioning electrode. C: timeline of the experiment. 

Perceived intensity elicited by the pinprick stimulation was assessed at two different 

time points: before conditioning stimulation (Pre) and 20 min after application of 

conditioning stimulation (Post). 
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Conditioning stimulation 

 

In all experiments, the conditioning stimulation consisted of biphasic charge-

compensated electrical pulses that were delivered to the ventral forearm 

using a constant-current electrical stimulator (Digitimer DS5, Welwyn 

Garden City, UK) and a specifically designed electrode built at the Centre for 

Sensory-Motor Interactin (Aalborg University, Denmark). The biphasic pulses 

consisted 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. The electrode consists of 16 blunt stainless-steel pins (diameter: 

0.2 mm) protruding 1 mm from the base (Figure 1). The pins are placed in a 

10-mm diameter circle and serve as cathode. A stainless-steel anode 

electrode is concentrically located around the steel pins (inner diameter: 22 

mm; outer diameter: 40 mm). The intensity of conditioning stimulation was 

individually adjusted to 20 times the detection threshold to a single non-

charge-compensated monophasic pulse (pulse width: 2 ms). The electrical 

detection threshold was determined after the Pre measurement of pinprick 

sensitivity using a staircase procedure. In all conditions, the total number of 

electrical stimuli delivered during the conditioning stimulation was the same 

(i.e., 500). The 50-Hz burst-like stimulation consisted of 10 trains, each 

including 50 pulses delivered at 50 Hz. The trains lasted 1 s and were 

separated by a 10-s intertrain interval (total duration: 100 s). The 5-Hz 

continuous stimulation consisted of 1 train of 5-Hz stimulation for 100 s. 

Finally, the 5-Hz burst-like stimulation consisted of 100 trains, each including 

5 pulses and lasting for 1 s. The trains were delivered in a 10-s intertrain 

interval (total duration: ≈ 17 min). The electrical pulses were triggered by a 
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National Instruments digital-analog interface (NI, National Instruments, 

Austin, TX) controlled by custom MATLAB code (MATLAB 2014B, The 

MathWorks, Natick, MA). 

 

Quantifying Changes in the Perceived Intensity of Mechanical Pinprick Stimuli 

 

To assess changes in pinprick sensitivity, we followed the same method as 

described in our previous study, which is summarized here80. A calibrated 

pinprick stimulator exerting a normal force of 128 mN with the use of a 0.25-

mm probe (MRC Systems, Heidelberg, Germany) was applied perpendicular 

to the skin. Before application of the conditioning stimulation and 20 min 

after application of the conditioning stimulation, a total of three pinprick 

stimuli were applied inside the pinprick test area of the conditioned arm and 

the contralateral control arm. The target of each pinprick stimulus was 

displaced after each stimulus. Participants were asked to report the intensity 

of perception elicited by the pinprick stimulation on a numerical rating scale 

(NRS) ranging from 0 (no perception) to 100 (maximal pain), with 50 

representing the transition from nonpainful to painful domains of sensation. 

 

Statistical analyses 

 

Statistical analyses were performed using SPSS Statistics 24 (IBM Corp., 

Armonk, NY). In experiment 1, the change in perceived pinprick intensity 

induced by the 5-Hz continuous stimulation and the 50-Hz burst-like 

stimulation was compared using a mixed two-way repeated-measures 

ANOVA with arm (HFS vs. control) and time (post vs. pre) as within-subject 
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factors and condition (5-Hz continuous vs. 50-Hz burst-like) as between-

subject factor. Post hoc, an independent t test was used to test for 

differences in the increase in pinprick sensitivity (compared with baseline 

and control site) between the 5-Hz continuous stimulation and the 50-Hz 

burst-like stimulation. In experiment 2, the change in perceived pinprick 

intensity induced by the 5-Hz continuous stimulation and the 5-Hz burst-like 

stimulation was compared using a mixed two-way repeated-measures 

ANOVA with arm (HFS vs. control) and time (post vs. pre) as within-subject 

factors and condition (5-Hz continuous vs. 5-Hz burst-like) as between-

subject factor. Post hoc, an independent t test was used to test for 

differences in the increase in pinprick sensitivity (compared with baseline 

and control site) between the 5-Hz continuous stimulation and the 5-Hz 

burst-like stimulation. In all tests, the level of significance was set at P < 0.05. 

 

II.3.  Results 

 

Detection thresholds 

The electrical detection thresholds to a single monophasic non-charge-

compensated pulse in experiment 1 were 0.29 ± 0.08 mA (mean ± SD) for the 

5-Hz continuous stimulation and 0.26 ± 0.07 mA for the 50-Hz burst-like 

stimulation. An independent t test revealed no statistically significant 

difference in electrical detection thresholds. The electrical detection 

thresholds in experiment 2 were 0.26 ± 0.09 mA for the 5-Hz burst-like 

stimulation and 0.30 ± 0.08 mA for the 5-Hz continuous stimulation. An 
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independent t test revealed no statistically significant difference in electrical 

detection thresholds. 

 

Experiment 1: 5-Hz continuous stimulation vs. 50-Hz burst-like stimulation 

Changes in Mechanical Pinprick Sensitivity 

The means and SD of the intensity of perception elicited by pinprick stimuli 

delivered before and after conditioning stimulation at both arms (control vs. 

conditioned) in both conditions (5-Hz continuous stimulation vs. 50-Hz burst-

like stimulation) are shown in Figure 2. The mixed repeated measures 

ANOVA revealed a significant time × arm × condition interaction [F(1,28) = 

7.062, P = 0.013, ր² = 0.201]. Separate repeated-measures ANOVAs for the 

5-Hz continuous stimulation and the 50-Hz burst-like stimulation revealed a 

significant time × arm interaction for both protocols [5-Hz continuous: 

F(1,14) = 13.883, P = 0.002, ր² = 0.498; 50-Hz burst-like stimulation: F(1,14) = 

32.859, P<0.001, ր² = 0.701]. The increase in perceived intensity was 

significantly greater for the 50-Hz burst-like stimulation compared with the 

5-Hz continuous stimulation [t(28) = 2.658, P = 0.013, Cohen’s d = 0.970; 

Figure 2]. 
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Figure 2. Experiment 1. A: intensity of perception elicited by the mechanical pinprick 

stimulation (128 mN) before (Pre) and 20 min after (Post) application of 5-Hz 

continuous conditioning electrical stimulation (top) or 50-Hz burst-like stimulation 

(bottom). Shown are the group-level average and SD of the numerical rating scale 

(NRS) scores. B: group-level average and SD increase in NRS compared with baseline 

and control site. P value shows the result of the independent t test on the individual 

changes in perception. 
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Experiment 2: 5-Hz continuous stimulation vs. 5-Hz burst-like stimulation 
 
 
Changes in Mechanical Pinprick Sensitivity 

The means and SD of the intensity of perception elicited by pinprick stimuli 

delivered before and after conditioning stimulation at both arms (control vs. 

conditioned) for both the 5-Hz burst-like stimulation and the 5-Hz continuous 

stimulation are shown in Figure 3. The mixed repeated measures ANOVA 

revealed a significant time × arm × condition interaction [F(1,38) = 7.543, P = 

0.009, ր² = 0.166]. Separate repeated-measures ANOVAs for the 5-Hz 

continuous stimulation and the 5-Hz burst-like stimulation revealed a 

significant time × arm interaction for both protocols [5-Hz burst-like 

stimulation: F(1,19) = 37.421, P < 0.001, ր² = 0.663; 5-Hz continuous 

stimulation: F(1,19) = 20.519, P <  0.001, ր² = 0.519]. The increase in 

perceived intensity was significantly greater for the 5-Hz burst-like 

stimulation compared with the 5-Hz continuous stimulation [t(38) = 2.746, P 

= 0.009, Cohen’s d = 0.868; Figure 3]. 
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Figure 3. Experiment 2. A: intensity of perception elicited by the mechanical pinprick 

stimulation (128 mN) before (Pre) and 20 min after (Post) application of 5-Hz 

continuous conditioning electrical stimulation (top) or 5-Hz burst-like stimulation 

(bottom). Shown are the group-level average and SD of the numerical rating scale 

(NRS) scores. B: group-level average and SD increase in NRS compared with baseline 

and control site. P value shows the result of the independent t test on the individual 

changes in perception. 
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II.4.  Discussion 

 

The aim of the present study was to compare the efficacy of continuous vs. 

burst-like electrical stimulation of cutaneous nociceptors for the induction of 

heterotopic pain LTP. Our data shows that, when controlled for frequency of 

stimulation, burst-like conditioning stimulation induces a significantly 

greater increase in pinprick sensitivity than continuous stimulation. In 

experiment 1, we showed that the increase in mechanical pinprick sensitivity 

induced after 50-Hz burst-like stimulation was significantly greater compared 

with the increase in mechanical pain sensitivity induced after 5-Hz 

continuous stimulation. In this experiment, the total duration of the 

conditioning stimulation and the total number of applied stimuli were 

identical, but the stimuli were delivered at different frequencies. Hence, 

differences between the two conditions could have been related to 

differences in stimulation frequency rather than the use of burst-like vs. 

continuous patterns of stimulation80. For this reason, we conducted a second 

experiment in which we compared the increase in mechanical pinprick 

sensitivity induced by 5-Hz continuous stimulation and 5-Hz burst-like 

stimulation. In this experiment, frequency of stimulation and total number 

of stimuli were identical across conditions. Again, we found that 5-Hz burst-

like stimulation induced a greater increase in pinprick sensitivity compared 

with 5-Hz continuous stimulation.  

When  studying  LTP  in  the  hippocampus,  Larson  and Munkácsy (2015) 

found that burst-like stimulation induced a relatively larger homosynaptic 

LTP than continuous tetanic stimulation266.  
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If heterotopic pain LTP is indeed a manifestation of heterosynaptic LTP, our 

results suggest that burst-like stimulation is more efficacious that continuous 

stimulation in inducing spinal heterosynaptic LTP. Studies conducted in 

rodents have shown that high-frequency burst-like stimulation of the sciatic 

nerve can activate microglia and that activated microglia can release brain-

derived neurotrophic factor (BDNF) 31, 268. The release of BDNF is thought to 

contribute to central sensitization and may decrease the activity of the 

potassium-chloride cotransporter (KCC2), which would result in an increase 

in intracellular chloride concentration leading to a loss of inhibition and, as a 

consequence, increased excitation268-271. Interestingly, studies in rats have 

shown that unlike burst-like stimulation, continuous stimulation does not 

lead to the release of BDNF272. Xia et al. (2016) also compared changes in 

pinprick sensitivity induced by continuous stimulation and burst-like 

stimulation in humans76. Specifically, they compared 10-Hz continuous 

stimulation with 100-Hz burst-like stimulation while keeping the total 

number of stimuli and total duration of stimulation the same. They observed 

a significant increase in pinprick sensitivity after both stimulation protocols, 

however, and in contrast to our results, no statistically significant difference 

was observed, although the increases were not the same (10Hz: 27%; 100 Hz: 

49%). Xia et al. used an intensity of stimulation corresponding to 10 times 

the detection threshold, whereas in the present study we used an intensity 

of 20 times the detection threshold76. Moreover, in the present study we 

compared the two conditions (5 Hz vs. 50 Hz) with respect to baseline and 

contralateral control arm, whereas in the study of Xia et al., they compared 

three conditions (10-Hz continuous, 100-Hz burst-like, and 200-Hz burst-like 

stimulation) with respect to baseline and a control condition in which the 
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electrode was attached to the skin, but no stimulation was delivered. We also 

show that continuous stimulation induces an increase in mechanical pinprick 

sensitivity. Klein et al. (2004) also observed hyperalgesia to pinprick 

stimulation in surrounding unstimulated skin after 1-Hz continuous 

conditioning stimulation, but only when the intensity of stimulation was 20 

times the detection threshold72. The total duration of their conditioning 

stimulation was around 16 min, and the stimulation was ap-plied to the 

ventral forearm. Also, Torta et al. (2020) showed an increase in pinprick 

sensitivity of the skin after 2 min of 2-Hz continuous stimulation at the 

forearm83. In contrast, De Col and Maihöfner (2008) showed that 20-Hz 

continuous stimulation applied to the ventral forearm induced hypoalgesia 

rather than hyperalgesia of the skin surrounding the site at which the 

conditioning stimulation was delivered. However, there are differences 

between the present study and their study250. In that study, the continuous 

stimulation lasted for 35 min, whereas our continuous conditioning 

stimulation lasted 100 s only. Moreover, the electrode those authors used to 

deliver the conditioning stimulation is different from ours. Whereas their 

electrode had only two pins, our electrode has 16 pins. It is likely that our 

stimulation activated a larger number of afferents. Furthermore, the 

frequency of stimulation is different: whereas it was 20 Hz in their study, it 

was 5 Hz in the present study. Finally, the intensity of stimulation was 

different. In the study of De Col and Maihöfner, the intensity was 

continuously adjusted during the conditioning stimulation to a pain intensity 

of 5 on a numeric rating scale ranging from 0 (no pain) to 10 (worst 

imaginable pain), whereas in our study the intensity of stimulation was set at 

20 times the detection threshold. Finally, Biurrun Manresa et al. (2010) and 
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Vo and Drummond (2014) also used 1-Hz continuous conditioning 

stimulation but did not observe any significant changes in pinprick 

perception in the unstimulated surrounding skin. In both studies, their 

conditioning stimulation was delivered at 10 times detection threshold. 

Moreover, in the study of Biurrun Manresa et al., they applied the 

conditioning stimulation to the dorsum of the foot instead of the forearm82, 

267.  

 

II.5. Conclusion 

 

To conclude, the present study provides evidence that burst-like conditioning 

stimulation is more efficacious in inducing increased pinprick sensitivity in 

the surrounding unstimulated skin than continuous stimulation. These 

results show that the pattern of peripheral nociceptive input (i.e., not only 

the total amount of input) is an important determinant of how much central 

sensitization will be induced.  
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Abstract  

 

Background: Gamma-band oscillations (GBOs) are rhythmic fluctuations in 

local field potential activity recorded between 30 and 100 Hz. They can be 

detected using electroencephalography (EEG) or magnetoencephalography 

(MEG) in response to various sensory stimuli. Studies in animals suggest that 

GBOs induced by nociceptive stimuli may represent an electrophysiological 

correlate of mechanical hypersensitivity. This study aimed to investigate in 

healthy human’s scalp GBOs induced by mechanical stimuli activating skin 

nociceptors before and after the induction of mechanical hypersensitivity 

using high-frequency electrical stimulation (HFS) of the skin. 

Methods: In twenty healthy volunteers, we recorded the 

electroencephalogram during robot-controlled mechanical pinprick 

stimulation (512 mN) applied at the right ventral forearm before and after 

HFS. 

Results: HFS induced a significant increase in mechanical pinprick sensitivity, 

but this increased pinprick sensitivity was, at the group level, not 

accompanied by a significant increase in GBOs. Visual inspection of the 

individual data revealed that possible cortical GBOs were present in eight out 

of twenty participants (40%) and the frequency of these GBOs varied 

substantially across participants. 

Conclusion: Based on the low number of participants showing GBOs we 

question the (clinical) utility of mechanically induced GBOs as an 

electrophysiological marker of pinprick hypersensitivity in humans.   
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III.1. Introduction 

Gamma-band oscillations (GBOs) are rhythmic fluctuations in local field 

potential activity (i.e. the electric potentials measured in the extracellular 

space around neurons) between 30 and 100 Hz. GBOs can be recorded at the 

scalp using electroencephalography (EEG) or magnetoencephalography 

(MEG) in response to stimuli of different modalities, for instance, visual and 

tactile168, 169, 273. Also, nociceptive laser stimuli, selectively activating thermal 

skin nociceptors, induce scalp GBOs. These GBOs (between 60 to 95 Hz) are 

typically present between 100 and 300 ms after the onset of the laser 

stimulus at central and contralateral electrodes147, 167, 171, 274. When recording 

from superficial and deep layers of the primary somatosensory cortex in 

animals, Yue et al. (2020) found that GBOs induced by nociceptive laser 

stimuli mainly originate from the activity of interneurons in the superficial 

layers of the primary somatosensory cortex contralateral to the site of 

stimulation172. Tan et al. (2019) recently showed in mice that paw withdrawal 

responses elicited by mechanical von Frey stimuli were preceded by GBOs in 

the primary somatosensory cortex, whereas no GBOs were observed when 

the same stimuli did not elicit a withdrawal response. The authors further 

showed that mechanical stimuli of lower stimulation intensities that were 

initially unable to elicit GBOs and paw withdrawal responses were able to do 

so after the induction of inflammation at the paw. Based on these results the 

authors suggested that GBOs preceding the paw withdrawal responses may 

represent an electrophysiological correlate of mechanical hypersensitivity231. 

If these findings could be translated to humans, the recording of GBOs might 

be of clinical interest for objectively establishing altered nociceptive 

processing. In humans, Michail et al. (2016) showed that in normal conditions 
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(without the presence of mechanical hypersensitivity), mechanical von Frey 

stimulation, applied to the skin of the hand dorsum, can also elicit GBOs. 

More specifically, by recording the EEG during computer-controlled 

mechanical punctate stimulation, exerting a force of 181 mN onto the skin, 

they observed GBOs between 60-80 Hz within 200 to 600 ms after the onset 

of the mechanical stimulus at central EEG electrodes145. Van den Broeke et 

al. (2017) investigated the presence of GBOs, elicited by manually applied 

mechanical pinprick stimulation, before and after the experimental induction 

of mechanical hypersensitivity. No GBOs of cortical origin were found either 

before HFS or after HFS. In that study the authors used a 64 mN mechanical 

pinprick stimulation intensity, which could have been too low to elicit 

GBOs161. The present study aimed to investigate in healthy human volunteers 

scalp GBOs elicited by strong mechanical pinprick stimulation (512 mN) 

before and after the induction of mechanical hypersensitivity. To this end, 

we recorded the EEG during robot-controlled mechanical pinprick 

stimulation before and after the induction of pinprick hypersensitivity using 

high-frequency electrical stimulation of the skin (HFS). 

 

III.2. Methods 

 

Participants 

Twenty healthy right-handed volunteers (4 men and 16 women; aged 19 – 

35 years; 23.8 ± 4.2 years [mean ± sd]), able to understand written and 

spoken French, were included. The exclusion criteria were: (1) suffering from 

acute or chronic pain, (2) having a neurological or psychiatric disease, (3) 
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taking medication (except contraceptive), (4) having cardiac issues (5) having 

a lesion on one of the forearms. The experiment was conducted according to 

the declaration of Helsinki. Approval for the experiment was obtained from 

the local Ethical Committee (Commission d’Éthique Biomédicale Hospitalo-

Facultaire) of the Université Catholique de Louvain (UCL) (B403201316436). 

All participants signed an informed consent form and received financial 

compensation for their participation. The experiment was not pre-

registered. All datasets are made public on the OSF repository. 

 

Experimental design 

The design of the experiment is shown in Figures 1A and B. In this within-

subject study, robot-controlled mechanical pinprick stimuli were applied to 

the skin of the right ventral forearm (“test area”) before and after applying 

HFS to induce pinprick hypersensitivity of the surrounding skin. During the 

mechanical pinprick stimulations, the electroencephalogram (EEG) was 

continuously recorded, and the quality of perception and perceived intensity 

elicited by the pinprick stimuli were collected. 

 

High-frequency stimulation (HFS) 

HFS consisted of five trains of 100 Hz electrical charge-compensated pulses. 

Each train lasted one second and was delivered in a 10-second interval. The 

intensity of HFS was set at 20 x the individual detection threshold to a single 

electrical non-charge compensated (rectangular) pulse (pulse duration: 2 
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ms). Detection thresholds were estimated using the method of limits. The 

electrical pulses were generated with a custom-written MATLAB code 

(MATLAB 2014B; MathWorks), triggered by a National Instruments digital-

analog interface (NI6343, National Instruments, Austin, TX), produced by a 

constant current stimulator (Digitimer DS5, Welwyn Garden City, UK), and 

“delivered to the skin using a specifically designed electrode built at the 

Centre for Sensory-Motor Interaction (Aalborg University, Denmark). The 

cathode consists of 16 blunt stainless-steel pins with a diameter of 0.2 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”143. 

Previous studies have shown that HFS induces an increase in mechanical 

pinprick sensitivity of the surrounding skin, which lasts several hours81, and 

is reminiscent of secondary mechanical hyperalgesia which is thought to be 

the result of central sensitization. 

 

Robot-controlled mechanical pinprick stimulation 

A custom-built robot-controlled mechanical pinprick stimulator (blunt probe, 

diameter 0.35 mm, see van den Broeke et al. 2020) was used to deliver 

calibrated and reproducible mechanical pinprick stimuli exerting a force of 

512 mN onto the skin162. The 512 mN stimulation intensity was chosen to 

make sure we activate skin nociceptors. Higher pinprick stimulation 

intensities may induce skin tissue damage. At each measurement (before and 

after HFS) a total of forty mechanical pinprick stimuli were delivered to the 

ventral forearm of the right arm. The pinprick stimuli were delivered 
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randomly within the test area (Figure 1). The test area consisted of a circle 

with a diameter of 4 cm minus an inner circle with a diameter of 1 cm. Each 

trial (see Figure 1C) started with projecting the word attention on the screen 

in front of the participant (approx. 60 cm). The word attention was followed 

by a cross in the centre of the screen. After the appearance of the cross, there 

was a random interval between 5 and 6 seconds before the robot started the 

stimulation. Each stimulation lasted 1.2 seconds, 6 including both the 

descending and ascending movement of the pinprick probe. The velocity of 

the descending and ascending movement of the probe was 33.33 mm/s. 

After one second, the cross disappeared and the word quality with three 

descriptors (pricking, touch or not detected) appeared on the screen. At that 

moment the participants had to indicate verbally by choosing one of the 

three descriptors the quality of perception elicited by the pinprick stimulus. 

Three seconds later the word intensity appeared on the screen together with 

a Numeric Rating Scale (NRS) ranging from 0 (no pinprick perception) to 100 

(maximal pinprick intensity imaginable). At this moment the participants had 

to provide verbally a rating of the perceived pinprick intensity if the stimulus 

was perceived as pricking. If the stimulus was not detected or perceived as 

touch participants were instructed to give a score of zero. Then the pinprick 

probe changed its position after which the next trial started. In each block, 

the pinprick robot stimulated at random positions within the test area 

(Figure 1A) and never the same spot twice. During the pinprick stimulation, 

participants were comfortably sitting in front of a table with their right arm 

inside the custom-built robotic pinprick stimulator. A 48 x 57.5 cm panel with 

an opening for the arm was placed in front of the pinprick robot to prevent 

the view of the stimulated arm. Participants were instructed to wear sound-
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attenuating headphones and flexible earplugs to mask any sound generated 

by the pinprick robot during movements. During each trial, participants were 

instructed to fixate their gaze on the cross on the screen. Before starting the 

experiment, the position of the pinprick probe relative to the skin surface 

was determined. The distance between the probe and the skin surface is 

variable across subjects and is determined by the homogeneity of the height 

of the skin across the tested area. The distance between the probe and the 

skin was approximately 0.5 cm. 

 

Figure 1. Experimental design. A. High-frequency electrical stimulation was applied 

to the right ventral forearm approximately 10 cm from the fossa cubital. The pinprick 

stimuli were randomly delivered within the test area (grey circle). B. Timeline of the 

experiment. C. Example of one trial. 
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EEG recording 

The EEG was recorded using 64 Ag-AgCl electrodes mounted in an elastic cap 

and arranged according to the international 10-10 system (Biosemi, The 

Netherlands). The EEG signals were amplified and digitized using a sampling 

rate of 1024 Hz. The impedance of the electrodes was kept below 20 kΩ. An 

external electrode was placed on the nose and was used as a reference in the 

offline analysis of the EEG. 

 

Data analysis  

EEG analysis 

The EEG was analysed offline using Letswave 6 

(www.nocions.org/letswave). 

Time-frequency analysis 

To characterize changes in the spectral content of the EEG signal in response 

to mechanical pinprick stimulation we conducted the following analysis (see 

also van den Broeke et al. 2017)161. First, we re-referenced the continuous 

EEG to the nose electrode. After that, a 30-100 Hz band pass zero-phase 

Butterworth filter was applied, followed by a notch filter between 49 and 51 

Hz. After this, we used Independent Component Analysis (ICA) to remove 

artifacts275. The identification of artifacts was based on the characteristic 

scalp distributions of artifacts illustrated in the online EEGlab tutorial : 
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https://eeglab.org/tutorials/06_RejectArtifacts/RunICA.html#inspecting-

ica-components. 

The reconstructed signal was segmented from -1.6 to 1.6 s relative to 

stimulation onset. A short-time fast Fourier transform (STFFT) with a fixed 

Hanning window of 200 ms was applied to the single trials to decompose the 

EEG signals in a time-frequency representation (TFR) of power (μV2). 

Separate averaged TFRs were then computed for each participant and 

condition (before HFS and after HFS). Finally, a baseline correction 

(subtraction) was applied between -1.5 and -1.0 s to visualize changes in 

post-stimulus EEG power. Previous studies have shown that GBOs are 

present at central and contralateral electrodes145, 167, 171, 274. Therefore, for the 

identification of GBOs, we focused on electrodes Cz and C3. To evaluate the 

contribution of artifacts to the EEG, we re-analysed the EEG signals but 

without removing artifacts. 

 

Time-domain analysis 

To investigate time- and phase-locked pinprick-evoked EEG activity (pinprick-

evoked brain potentials, PEPs) we analysed the EEG in the following way. 

First, we re-referenced the continuous EEG to the nose electrode. Then, we 

applied a 0.3- 30 Hz band pass zero-phase Butterworth filter. ICA was applied 

to correct eye movements or eye blinks.  

After that, the continuous EEG was segmented into epochs extending from -

1.5 to 1.5 s relative to stimulus onset. A baseline correction (-1.5 to – 1.0 s, 

to be consistent with the time-frequency analysis) was then applied and 

https://eeglab.org/tutorials/06_RejectArtifacts/RunICA.html#inspecting-ica-components
https://eeglab.org/tutorials/06_RejectArtifacts/RunICA.html#inspecting-ica-components
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epochs with amplitude values exceeding ± 75 μV were rejected as these were 

likely to be contaminated by artifacts. Finally, separate averaged waveforms 

were computed for each participant and time point (before and after HFS) 

and individual peak values of both the negative and positive waves of the 

waveforms were extracted. Based on a previous publication, we extracted 

the maximal value of the negative wave at electrode Cz (between 100 and 

200 ms) and the maximal value of the positive wave at CPz (between 200 and 

700 ms)162. 

 

Statistical analysis 

To confirm the expected increase in perceived pinprick intensity after HFS we 

performed a paired t-test on the individual averaged ratings before versus 

after HFS. To test whether there was a significant increase in GBOs at the 

group level we applied a non-parametric cluster-based permutation test on 

the individual TFRs of the conditions before versus after HFS161. To test if 

there was a significant increase in the negative and positive wave of the PEPs 

after HFS we performed a paired t-test on the individual peak values before 

versus after HFS. All statistical analyses but one (cluster-based permutation 

test) were performed in SPSS Statistics 27 and the level of significance was 

set at P <.05 (one-sided). Effect sizes (Cohen’s dz) were calculated by dividing 

the t-value by the square root of the total number of participants. 

III.3. Results 

 

Electrical detection thresholds 
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The mean (and SD) electrical detection threshold to a single electrical 

stimulus was 0.32 ± 0.09 mA. 

 

Perceived intensity 

The mean (and SD) perceived intensity (NRS score) elicited by the mechanical 

pinprick stimuli before and after HFS are shown in Figure 2A. The paired t-

test showed a statistically significant increase in the perceived intensity 

elicited by the mechanical stimuli after HFS (t(19)=5.80, P<.001, Cohen’s 

dz=1.30). All but one participant showed an increase in pinprick sensitivity 

after HFS (Figure 2B). 

 

Quality of perception  

Before HFS, participants described the quality of perception elicited by the 

mechanical pinprick stimuli as ‘pinprick’ in 85% of the cases, and as ‘touch’ 

in 15% (Figure 2C). After HFS, the number of cases in which the mechanical 

pinprick stimuli were described as ‘pinprick’ increased to 97.5% and only 

2.5% of stimuli were qualified as ‘touch’. 
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Figure 2. A. Panel A shows the group-level mean (and SD) perceived intensity elicited 

by the pinprick stimuli before and after HFS. Panel B shows the group-level mean 

and (SD) difference in perceived intensity (after minus before). In both panels, a dot 

represents a single subject. Panel C shows the group-level mean percentages of the 

quality of perception (pricking, touch or no stimulus detected) elicited by the 

pinprick stimuli before and after HFS. 
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Time-frequency analysis of the EEG  

Figure 3 shows the results of the time-frequency decomposition of the 

artifact-free EEG signals for electrodes C3, Cz and C4, before HFS (Figure 3A) 

and after HFS (Figure 3B). One subject (S2) was identified as an outlier and 

was not included in the analysis (see supplementary Figure S1). A cluster-

based permutation test on the individual TFRs before versus after HFS, for 

electrode Cz and C3 separately, revealed no cluster having a p-value smaller 

than the critical p-value of .025 (Bonferroni corrected for the number of 

electrodes). Figure 4 shows the results of the time-frequency decomposition 

of the EEG signals (Cz electrode) without removing artifacts (N=20). 

Figure 3. Group-level average time-frequency representations elicited by pinprick 

stimulation for electrodes C3, Cz and C4 before HFS (panel A) and after HFS (panel 

B). Red and blue colour denotes respectively increases and decreases in power (μV2) 

compared with baseline. 
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Figure 4. Group-level average time-frequency representation (Cz) elicited by pinprick 

stimulation applied before and after applying HFS when no artifacts are removed 

from the EEG signal. Red and blue colour denotes respectively increases and 

decreases in power (μV2) compared with baseline. 

 

Exploratory analyses  

To better understand our data, we visually inspected the individual across-

trial averaged TFRs of the artifact-free EEG. Of twenty participants, eight (S1, 

S3, S5, S7, S8, S11, S17, S19) showed increased post-stimulus gamma activity, 

compared with baseline, that had a central and/or contralateral topography, 

either before HFS, after HFS or in both conditions (Supplementary Figure S1). 

Figure 5A shows the group-level average TFRs of the before-HFS and after-

HFS conditions of those eight participants. Of these eight participants, one 

(S7) showed a reduction in gamma activity after HFS compared with before 

HFS. This participant also showed a reduction in perceived pinprick intensity 

after HFS (see Figure 2B). Figure 5B shows the same group-level TFRs as 

Figure 5A but without the participant that did not develop pinprick 

hypersensitivity after HFS. Figure 6A shows the same group-level TFRs as 

Figure 5B but only the first 500 ms after stimulus onset. Subtraction of the 
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after-HFS condition from the before-HFS condition revealed a predominant 

increase in gamma power around 40 Hz and between 55 and 85 Hz (as shown 

in Figure 6B). Of note, the increase in gamma power (between 100 and 300 

ms) following HFS was maximal at Cz (Supplementary Figure S2). A map of 

the distribution of univariate t-values resulting from the point-by-point 

paired comparisons is shown in Figure 6C. 

 

 

Figure 5. Panel A shows the group-level average time-frequency representations (Cz) 

of those participants showing increased (compared with baseline) post-stimulus 

gamma power either before HFS, after HFS or both (N=8). Panel B shows the same 

TFRs as in panel A but without the participant that showed no pinprick 

hypersensitivity following HFS. Red and blue colour denotes respectively increases 

and decreases in power (μV2) compared with baseline. 
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Figure 6. Panel A shows the TFRs of the first 500 ms after stimulus onset of those 

participants showing pinprick hypersensitivity following HFS and post-stimulus 

gamma activity either before HFS, after HFS, or both (N=7, same as Figure 5B). Red 

and blue colour denotes respectively increases and decreases in power (μV2) 

compared with baseline. Panel B shows the increases in gamma power after HFS 

compared to before HFS. Panel C shows the distribution of univariate t-values 

following point-by-point paired comparisons of the before-HFS and after HFS 

conditions. 

Supplementary Figures S1 and S2. The QR code 

provides a direct link to the supplementary Figures 

(S1 and S2) permanently hosted on GitHub: 

https://github.com/solenngousset/Chapter-2-

Supplementary-Figures---Sgousset-thesis. These 

figures are presented in a separate file due to their 

length to avoid overloading the main body of the 

chapter. The figures can be accessed via the 

provided QR code above for ease of reference.  

 

https://github.com/solenngousset/Chapter-2-Supplementary-Figures---Sgousset-thesis
https://github.com/solenngousset/Chapter-2-Supplementary-Figures---Sgousset-thesis
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Time-domain analysis of the EEG  

Figure 7 shows the group-level average waveforms of the PEPs elicited by the 

512 mN stimulation at electrodes Cz and CPz before and after HFS. A paired 

t-test on the individual peak values revealed a significant increase in the 

magnitude of the negative peak after HFS (t(19)=2.09, P=.025, Cohen’s 

dz=.468, Figure 8) at Cz and a significant increase in the magnitude of the 

positive peak after HFS at electrode CPz (t(19)=2.10, P=.024, Cohen’s 

dz=.470, Figure 8). A significant correlation was found between the change 

in pinprick sensitivity after HFS and the change in negative wave of the PEPs 

after HFS (Pearson r= -0.52, P=.019, two-sided) but not between the change 

in pinprick sensitivity and the change in positive wave (Pearson r= -0.37, 

P=.104). 

 

Figure 7. Panel A shows the group-level average pinprick-evoked brain potentials 

(PEPs) recorded at electrode Cz before and after applying HFS. At the right, is the 
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group-level topographical distribution of the voltage at the peak of the early-onset 

negative wave. Panel B shows the group-level average pinprick-evoked brain 

potentials (PEPs) recorded at electrode CPz before and after applying HFS. At the 

right, is the group-level topographical distribution of the voltage at the peak of the 

positive wave. 

 

Figure 8. Panel A shows the mean (and SD) peak values of the PEP negativity. Each 

dot represents a single subject. Panel B shows the mean (and SD) difference in the 

peak value of 16 the PEP negativity (calculated as after-HFS minus before HFS). Panel 

C shows the mean (and SD) peak values of the PEP positivity. Panel D shows the mean 

(and SD) difference in peak values of the PEP positivity (calculated in the same way 

as for the negative peak). 
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III.4. Discussion 

 

This study aimed to investigate scalp GBOs induced by robot-controlled 

mechanical pinprick stimuli activating skin nociceptors before and after the 

induction of mechanical hypersensitivity. As expected, HFS induced a 

significant increase in pinprick sensitivity. At the group level, no significant 

increase in GBOs was observed after HFS. Visual inspection of the individual 

data revealed that possible cortical GBOs (either before HFS, after HFS or 

both) were present in eight out of twenty participants (40%) and that the 

frequency of these GBOs varied substantially across participants. In addition 

to our primary aim, we also analysed the EEG responses in the time domain 

(PEPs). Contrary to the GBOs, we observed clear PEPs in most subjects (18 

out of 20). A significant increase for both the negative and positive waves of 

the PEPs was found after HFS at group level. Furthermore, a significant 

negative correlation was found between the change in pinprick sensitivity 

after HFS and the change in the PEP negative wave 

 

Scalp-recorded pinprick-evoked EEG gamma-band activity is contaminated by 

artifacts 

The Figure 4 shows that after applying HFS, pinprick stimulation increases 

post-stimulus gamma-band activity. Similar results were found in a previous 

publication, but we also showed that similar and even stronger activities 

were found in the electrooculogram, which suggests that scalp EEG is 

strongly contaminated by muscular eye activity161.  
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Other studies have shown that scalp recorded high-frequency EEG activity is 

contaminated by micro saccades and muscle activity276, 277. The present study 

shows that possible cortical GBOs elicited by mechanical pinprick stimuli can 

be identified only when non-cortical activity is removed first (compare Figure 

4 with Figure 3A and B middle figure). 

 

Pinprick-induced GBOs recorded in response to stimulation of non-sensitized 

skin 

Possible cortical GBOs induced by mechanical pinprick stimuli applied to non-

sensitized skin (before HFS) were observed in six out of twenty participants. 

In contrast, Michail et al. (2016) found GBOs in the majority of their 

participants145. However, the timing and frequency of the possible cortical 

GBOs in our study were, at the individual level, not always compatible with 

the timing and frequency of the GBOs reported in the study of Michail et al. 

(see rectangular in supplementary Figure S1). Gamma-band activity was also 

found after tactile stimulation by Van Ede et al. (2014) and similar to our 

study, they also reported that not all participants showed stimulus-induced 

gamma activity168. Moreover, the frequency of gamma activity varied 

substantially across participants. Why stimulus-induced gamma activity is 

not observed in all participants remains unknown. 
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Pinprick-induced GBOs recorded in response to stimulation of sensitized skin 

At the group level, no significant increase in post-stimulus gamma activity 

was found after HFS. However, this may be the consequence of the low 

number of participants showing gamma activity and/or the interindividual 

variability in the timing and frequency of gamma activity. Of note, our data 

indicate that the presence of scalp GBOs does not necessarily depend on 

perceiving the mechanical pinprick stimulus as highly intense, as GBOs were 

present in individuals that reported low ratings of pinprick stimulation. GBOs 

were also absent in individuals rating the pinprick stimulus as highly intense.  

 

Pinprick-evoked potentials (PEPs) revealed by time-domain analysis  

Clear PEPs were observed when analysing the EEG in the time domain (Figure 

7). At the group level the magnitude of both the negative and positive waves 

of the PEPs was significantly increased after HFS. This result deviates from 

the study of van de Broeke et al. (2015)158. In that study, a range of pinprick 

stimulation intensities (16, 32, 64, 128, 256, 512 mN) were applied to the skin 

of the ventral forearm to elicit PEPs before and after capsaicin injection. After 

the capsaicin treatment pinprick stimuli applied to the skin surrounding the 

site of capsaicin treatment, elicited an increase in the positive wave of the 

PEPs. However, this increase was the largest and only significant for the 

intermediate pinprick stimulation intensity (64 mN). A possible explanation 

of why we find a significant increase in the positive wave in the present study 

but not in the study of van den Broeke et al. could be the difference in 

statistical testing. In the study of van den Broeke et al. 2015 a non-parametric 
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cluster-based permutation test was used to test whether there was a 

significant difference between the two subtracted waveforms (after minus 

before HFS, two-sided), while in the present study, we compared a single 

value only between the two conditions (one-sided). Another possibility could 

be that in the study of van den Broeke et al. the pinprick stimuli were 

delivered to the skin manually. A robot delivers more reproducible stimuli 

across trials, thereby reducing the trial-to-trial variability in PEP amplitude162. 

Interestingly, we found a moderate negative correlation between the change 

in pinprick sensitivity following HFS and the change in magnitude of the PEP 

negative wave, however, this correlation should be interpreted with caution 

as the sample size is small. 

 

III.5. Conclusion 

 

The present study investigated for the first-time scalp GBOs induced by 

robot-controlled mechanical pinprick stimulation before and after the 

induction of pinprick hypersensitivity in humans. HFS successfully induced 

pinprick hypersensitivity, however, this was at the group level not 

accompanied by a significant increase in GBOs. The low number of 

participants showing possible cortical GBOs questions the (clinical) utility of 

mechanically induced GBOs as an electrophysiological marker of pinprick 

hypersensitivity in humans. Instead, PEPs seem to be a better outcome 

measure for assessing changes in the cortical processing of mechanical 

pinprick stimuli than GBOs. 
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Additional note on artifact cleaning and GBOs variability 

There is a lack of consensus on how to deal with high-frequency artifacts such 

as EMG, and it not only decreases the reliability of experimental outcomes 

but also poses significant challenges for comparing findings across different 

studies that do not detail their visual inspection of the ICA and may have 

stimulus-induced EMG in their signal. One could acknowledge the complexity 

in describing such subjective visual analyses, however it would be useful for 

each investigation on the topic to make the raw data available; such 

transparency would allow for the re-analysis of data by others research 

groups, encouraging dialogue among scholars. 

Now, I would like to shed light on our own analysis. To minimize the artifact 

contamination that may lead to a type I error, we performed an ICA based 

on the scalp map and the time course of the components, such as what is 

described on the EEGLAB tutorial : 

https://eeglab.org/tutorials/06_RejectArtifacts/RunICA.html#inspecting-

ica-components.  

We decided to keep all the signals emerging from the electrodes of interest, 

namely Cz and C3 to try to keep the most possible cortical gamma band 

oscillations evoked by the contralateral pinprick stimulations. It means that 

we removed all the remaining signals from the other electrodes. The dataset 

was made available online.  

https://eeglab.org/tutorials/06_RejectArtifacts/RunICA.html#inspecting-ica-components
https://eeglab.org/tutorials/06_RejectArtifacts/RunICA.html#inspecting-ica-components
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In 2023, Jaltare et al. re-analysed the dataset and came to the same 

conclusion as ours278. Moreover, they showed that the preprocessing choices 

regarding when the ICA is applied, which baseline correction is used, and the 

baseline time window were not affecting the conclusion278. We recognize 

that the absence of a unified approach to analysing this type of data presents 

significant challenges. This situation underscores the need for establishing 

standardized protocols and/or computer-based algorithms to enhance the 

reliability of results and facilitate the comparisons between studies279. The 

use of ICA requires experience. Nevertheless, the pain field could benefit 

from a standardized pipeline to analyse these signals. For instance, Viola et 

al. (2009) introduced a promising method for semi-automatically identifying 

and clustering eye-related and heartbeat artifact components using the 

CORRMAP plug-in of EEGLAB280. This could be further developed for ICA-

based muscle artifact correction.  More recently, Liebisch et al. developed an 

algorithm designed to preserve cortical GBOs and enhance data quality, 

particularly for studies with significant muscle artifacts or a limited number 

of trials281. However, this is not without some limitations, such as the time-

consuming nature of the process. The current version of the algorithm 

requires manual parameter definition due to the varied shapes and 

frequencies of muscle spikes in ICs. This could be improved by machine 

learning and faster programming languages. Moreover, with this tool, using 

higher-density electrode arrays (>64 electrodes) would enhance the 

separation of cortical and muscular sources, but this approach is less 

practical in experimental settings due to practical constraints.  

Another possible explanation for why fewer participants in our study 

exhibited GBOs compared to other studies is the possible interindividual 
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variability in expressing GBOs following salient stimuli. Numerous 

publications on GBOs found an effects at the group level, but the individual 

data are rarely reported145, 147, 282. In fact, the proportion of subjects within a 

study exhibiting GBOs can differ markedly176, 283.  

Regarding the intensity of perception, the group of Schulz (2023) found that 

there was no relationship between the expression of GBOs and subject’s 

sensitivity. Such as in our study, they found participants with high perception 

ratings but no GBOs response and vice-versa. Indeed, although a good 

stability of these response across subjects, their results showed a consequent 

variability of GBOs between individuals176. The explanation of the 

mechanisms underlying interindividual variability of GBOs remains to be 

elucidated. Considering these and the previous paragraphs, the immediate 

clinical relevance of our observation regarding GBOs is limited.  
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Abstract 

Background: Negative expectations about pain can amplify pain perception 

and its persistence, a phenomenon linked to the nocebo effect. These 

effects, induced by verbal suggestions and conditioning, may involve 

heightened spinal cord activity resembling nociceptive responses. Central 

sensitization is thought to contribute to persistent pain. Pinprick 

hypersensitivity surrounding cutaneous injury is considered as a 

manifestation of CS. However, the role of negative pain expectations in the 

development of CS in humans remains poorly understood. 

Methods: This study used an inert treatment and verbal suggestions to 

induce expectations of increased high-frequency electrical stimulation (HFS)-

induced pain and assessed their effects on pain ratings during HFS and HFS-

induced pinprick hypersensitivity. Fifty healthy volunteers were randomly 

allocated to either a control group (N = 25) or a nocebo group (N = 25). 

Participants in both groups received a patch containing water on the right 

forearm. The nocebo group was told that the patch contained capsaicin that 

sensitized their skin, while the control group was told that the patch 

contained water that had no effect on skin sensitivity. Before and after patch 

attachment, single electrical stimuli were delivered to the area of the patch 

to measure the perceived intensity to these stimuli. After patch removal and 

after the participant rated expected pain and fear for HFS, HFS was delivered 

to the same skin site, followed by the assessment of pinprick sensitivity. 

Results: The nocebo group rated the perceived intensity for the single 

electrical stimulus after removal of the patch as more intense compared with 

the control group, indicating that our manipulation worked. Yet, this effect 

did not transfer to expected pain for HFS, nor did it affect pain intensity 

ratings during HFS. HFS increased pinprick sensitivity but no group 

differences were found. 

Conclusion: Because of the lack of differences in expected pain and pain 

intensity ratings for HFS between groups, no firm conclusions can be drawn 

regarding their effect on pinprick hypersensitivity. 
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IV.1. Introduction 

 

Expectations about pain may impact pain experiences284-286. For instance, 

expectations that a treatment will produce pain relief can reduce pain, even 

when the treatment itself is inert (placebo effect)287. On the other hand, 

expectations that a treatment will worsen pain can increase pain (nocebo 

effect)287. Nocebo effects can be induced through verbal suggestions, but the 

combination of verbal suggestions and conditioning showed stronger nocebo 

responses on pain288, 289. Imaging studies have shown that negative 

expectations, induced by a nocebo treatment, increase spinal cord activity 

that overlaps with the activity triggered by nociceptive stimulation290.  

Central sensitization (CS), defined by the International Association for the 

Study of Pain as an “Increased responsiveness of nociceptive neurons in the 

central nervous system to their normal or subthreshold input,”40 is believed 

to play a role in persistent pain42, 291. It is unclear if negative expectations 

about pain can promote CS. 

The increase in mechanical pinprick sensitivity of the skin surrounding a 

cutaneous injury is considered a manifestation of CS29, 42. Indeed, animal 

studies have demonstrated that pinprick stimuli applied after capsaicin or 

high-frequency electrical stimulation (HFS) to adjacent skin areas, elicit 

increased responses of spinal nociceptive neurons without changes in the 

responsiveness of peripheral neurons.29, 39, 292 If this is also the case in 

humans, these increased spinal responses may contribute to pinprick 

hypersensitivity. 
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To date, human studies investigating the effect of negative expectations on 

the development of pinprick hypersensitivity are scarce. Bedwell et al. (2022) 

investigated the effect of an inert treatment with verbal suggestions on HFS-

induced pinprick hypersensitivity293. However, their manipulation was not 

successful, and no effect was found on pinprick hypersensitivity. More 

recently, Jaltare et al. (2024) used an inert pill with verbal suggestions to 

investigate the nocebo effect on HFS-induced pinprick hypersensitivity294. 

They found no significant effect of the manipulation on pinprick 

hypersensitivity. Moreover, the experimenters were not blinded. Torta et al. 

(2023) used observational learning to investigate the effect of nocebo on 

HFS-induced pinprick hypersensitivity. Participants watched either a video of 

an actress showing intense pain during HFS (“high pain” group) or less pain 

(“low pain” group) before undergoing HFS295. Participants in the “high pain” 

group reported more pain during the actual HFS compared with participants 

in the “low pain” group. Furthermore, HFS-induced pinprick hypersensitivity 

was on average higher in the “high pain” group compared with the “low pain” 

group. These findings suggest that expecting more HFS pain can result in 

experiencing more HFS pain and pinprick hypersensitivity. However, pain 

expectations regarding HFS after the videos and before receiving HFS were 

not assessed. Moreover, the experimenters were not blinded. Finally, the 

effects on HFS-induced pinprick hypersensitivity were weak and no effect on 

the spread of the area of increased pinprick sensitivity was observed. 

The aim of the present study was to investigate how altering expectations 

related to HFS pain—specifically, expecting more pain during HFS—impacts 

on both HFS-evoked pain and pinprick hypersensitivity. To induce the 

expectation that HFS will be more painful, we used a combination of an inert 
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treatment and verbal suggestions. To further reinforce this expectation, we 

applied nonpainful electrical test stimuli with increasing stimulation 

intensity, with the statement that these stimuli were of the same intensity, 

after the inert treatment. We kept the assessor blinded and we asked 

participants for their pain expectations after the manipulation and before 

applying HFS. We expected that expectations of increased HFS pain would 

increase spinal cord excitability via top-down descending facilitatory 

pathways resulting in higher pain ratings during HFS and a larger increase and 

spread of HFS-induced pinprick hypersensitivity296. 

 

IV.2. Methods 

 

Participants 

Fifty Caucasian right-handed healthy volunteers (23 men, 27 women; ranging 

from 18 to 32 years old; mean age ± standard deviation (SD) = 22.74 ± 2.56) 

participated in the experiment. The healthy volunteers were recruited via 

study advertisement (flyer) ad valvas within UCLouvain University and via a 

Facebook group used to advertise experiments. 

We based our sample size on the power calculated on the means and 

standard deviations pinprick ratings of the study of van den Broeke et al. 

(2013) and by considering violations of the assumption of homoscedasticity 

and sphericity235. The power analysis, based on a 2 × 2 × 2 ANalysis Of 

VAriance (ANOVA) (2 groups [control vs nocebo], 2 arms [control vs HFS], and 

2 timepoints [pre vs post 3]), revealed an effect size of .23 and a power of .95 
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with N = 25 per group. For the calculation, an online software package was 

used (https://shiny.ieis.tue.nl/anova_power/). 

Volunteers were eligible if they 1) were between 18 and 30 years old, 2) were 

able to understand spoken and written French, and 3) did not fulfil one or 

more of the following exclusion criteria: 1) evidence for a clinically significant 

alteration of the skin of the volar forearms; 2) pregnancy; 3) presence of a 

pacemaker or implanted cardiac defibrillator; 4) major neurological of 

psychiatric conditions; 5) taking medication (except contraception); and 6) 

participated in previous studies using HFS or capsaicin. Approval for the 

experiment was obtained from the local ethical committee 

(B4032021000041). All participants signed an informed consent form and 

received financial compensation (20€) for their participation. The study 

hypotheses and analysis plan was pre-registered at the Open Science 

Forum: https://doi.org/10.17605/OSF.IO/JZF75. 

 

Experimental Design 

In this mixed (Group [nocebo/control] × Arm [HFS/control]) experimental 

design (Figure 1A), participants received HFS onto the right forearm to 

induce pain and pinprick hypersensitivity72, 292. Before HFS, participants were 

randomly assigned to either a nocebo or control group and received a patch 

containing water on their right forearm. In the nocebo group, participants 

were told that the patch contained capsaicin that would sensitize their skin 

to electrical stimuli, while in the control group, participants were told that 

the patch contained water that did not affect skin sensitivity (see 

experimental manipulation). 

https://shiny.ieis.tue.nl/anova_power/
https://doi.org/10.17605/OSF.IO/JZF75
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Figure 1. (A) Timeline of the experiment. T0 is the baseline measurement (before the 

manipulation and before applying HFS), T1 is the measurement directly after 

applying HFS, T2 is approximately at 30 minutes after HFS, T3 is 35 minutes after HFS, 

and T4 is 40 minutes after HFS. (B) Characteristics of the HFS electrode. (C) The area 

at which the pinprick stimuli were applied is shown as well as the proximal-distal axis 

(dotted line) for the measurement of the length of the area of increased pinprick 

sensitivity. 

After the patch and before applying HFS, participants were asked to rate 

expected pain and their fear for HFS. After that, HFS was delivered to the 

right forearm, and participants were asked to rate their perceived pain 

intensity. Before (T0) and after applying HFS (T1: directly after applying HFS; 

T2: 30 minutes after applying HFS; T3: 35 minutes after HFS; and T4: 

40 minutes after HFS), pinprick sensitivity of the skin surrounding the site of 

HFS and the homologous site at the contralateral arm was tested. At T2, T3, 

and T4, also the length of the area of increased pinprick sensitivity was 

measured. 
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Experimental induction of mechanical secondary hyperalgesia 

HFS consisted of 5 trains of 100-Hz electrical charge-compensated pulses that 

lasted 1 second each and were delivered in a 10-second intertrain interval. 

The trains were programmed in Matlab 2014b (The Mathworks Inc, Natick), 

sent via a digital-analog interface (National Instruments, Austin, TX) to a 

constant-current electrical stimulator (Digitimer DS5, Welvyn Garden City, 

UK), and delivered to the skin of the ventral forearm approximately 10 cm 

from the cubital fossa via a specially designed multipin electrode (Figure 

1B)119. The cathode of this electrode consisted of 16 blunt stainless-steel pins 

with a diameter of .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. HFS was applied 

to the right volar forearm approximately 10 cm distal to the cubital fossa with 

a fixed intensity at 3 mA. After each train, participants were asked to rate 

their perceived pain intensity on a numeric rating scale (NRS), ranging from 

0 (“no pain”) to 100 (“worst pain imaginable”). 

 

Assessment of mechanical pinprick sensitivity 

Pinprick hypersensitivity induced by HFS can be characterized by both a 

change in perceived intensity and area size. To assess changes in perceived 

intensity, at each measurement, 3 mechanical pinprick stimuli, delivered 

using a calibrated mechanical pinprick stimulator (128 mN, MRC Systems 

GmbH, Heidelberg, Germany), were applied to both forearms to the area 
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adjacent to the site at which HFS was delivered (within a circle between 0.5 

and 2 cm from the centre of the HFS electrode) and to the homologous site 

of the contralateral control arm (Figure 1C). Each mechanical stimulus was 

applied perpendicular to the skin for approximately 1 second. The 

participants were instructed to provide an average rating of the perceived 

intensity of the 3 pinprick stimuli on an NRS, assessing pain, ranging from 0 

(“no pain”) to 100 (“worst pain imaginable”). To avoid peripheral 

sensitization due to repeated pinprick stimulation, the same skin site was 

never stimulated twice. The order of testing (control or HFS arm first) was 

counterbalanced across participants. The length of the area of increased 

pinprick sensitivity was taken as a measure for the spread of pinprick 

hypersensitivity. For this, repeated mechanical pinprick stimuli were applied, 

spaced 1 cm each along the midline axes of the forearm, from the most distal 

point of the forearm to the centre of the HFS-stimulated area, and from the 

most proximal point of the forearm to the centre of the HFS-stimulated area 

(Figure 1C). The areas to be stimulated were marked onto the skin with a pen 

at the beginning of the experiment. The participant was instructed to report 

verbally when a clear increase in pinprick sensitivity was felt between 2 

points. Finally, the distance (cm) between this point and the centre of the 

HFS-stimulated area was measured. During the mapping, participants were 

instructed not to look at their arm. 

Experimental manipulation of expectations 

A patch was applied for 5 minutes, on the right ventral forearm at the site 

where HFS would be applied and consisted of a medical adhesive patch with 

a squared cotton attached. To prepare the patch, the cotton was sprinkled 
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with water, using a pipette, from one of the 2 bottles that were put in front 

of the participant on the table. One bottle was transparent, and the water 

was clearly visible. The other bottle was a brown bottle normally used for 

liquid drugs. At the front of the brown bottle, a sticker was attached with the 

name “Capsaicin” on it and the logo of the pharmacy of the Université 

Catholique de Louvain (UCLouvain). 

The patch of the participants of the nocebo group was sprinkled with the 

water from the brown bottle. The participants were told that they would 

receive a patch with capsaicin (dissolved in ethanol) that would sensitize 

their skin and make it more sensitive for electrical stimuli. To increase the 

credibility of the manipulation (application of capsaicin), the experimenter 

wore a white medical coat and gloves297.  

The patch of the participants of the control group was sprinkled with the 

water from the transparent bottle, and the participants were told that they 

receive a patch containing pure water, as a control for the experimental 

condition, which would not affect their skin sensitivity for electrical stimuli. 

Before the application of the patch and directly after its removal, participants 

received 3 single electrical stimuli delivered through the HFS electrode at the 

area of the patch and where HFS would be applied. The electrical stimuli 

(rectangular pulse width of 2.0 ms) were triggered by a custom-written 

MATLAB script and generated by a constant-current electrical stimulator 

(Digitimer DS5, Welvyn Garden City, UK). After each electrical stimulus, 

participants were asked to rate the perceived intensity on an NRS ranging 

from 0 (“not detected”) to 100 (“maximal intensity imaginable”). 
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The intensity of the 3 electrical stimuli delivered before the application of the 

patch was fixed at .5 mA and was the same for both groups. Directly after 

removal of the patch, the stimulation intensity of the 3 single electrical 

stimuli delivered in the control group was the same as the one before 

application of the patch (.5 mA), while the stimulation intensity of the 

electrical stimuli delivered in the nocebo group was gradually increased 

across the 3 stimuli (.5, 1.0, and 2.0 mA). The gradual increase in stimulation 

intensity across the 3 single stimuli after removal of the patch, combined 

with the instruction that the intensity was the same as before the patch, in 

the nocebo group, was intended to strengthen the suggestion that the skin 

had become more sensitive to electrical stimuli. The single electrical stimuli 

were not perceived as painful. 

 

Procedure 

The experiment was conducted in a quiet laboratory room at the Institute of 

Neuroscience of UCLouvain, Brussels, Belgium. To keep the experimenter 

blinded to the condition of the participants (nocebo or control) during the 

assessment of mechanical pinprick sensitivity, the experiment was 

conducted by 2 experimenters (experimenter 1 and 2). At the beginning of 

the experiment, participants were informed about the purpose of the study 

by experimenter 1. They were told that the aim of this study was to 

investigate the effect of capsaicin, a substance that sensitizes peripheral 

cutaneous nociceptors when applied onto the skin, on pain elicited by 

intense electrical stimulation (HFS). They were further told that they would 

be assigned to either the experimental group in which they would receive 
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the patch with capsaicin or to a control group, in which the patch contained 

water that served as control for the experimental group. Then, the same 

experimenter performed the baseline measurement of mechanical pinprick 

sensitivity (T0). After that, experimenter 1 left the room and experimenter 2 

entered. Experimenter 2 then randomly assigned the participant to either 

the nocebo group or control group and continued with the experimental 

manipulation of expectations. 

After the manipulation, experimenter 2 explicitly instructed the participants 

not to inform experimenter 1 about their condition (nocebo or control) and 

left the room. Experimenter 1 entered again and started assessing the 

expected pain and fear for HFS. After that, a short explanation of the HFS 

protocol followed. This included the number of stimuli, the nature of the 

stimulation (painful electrical stimuli), and the instruction to provide a rating 

directly after each HFS stimulus. Then, HFS was applied to the right ventral 

forearm and at different timepoints (T1, T2, T3, and T4), the perceived 

pinprick sensitivity was measured at both arms as well as the length of the 

area of increased pinprick sensitivity at the HFS arm at T2, T3, and T4. At the 

end of the experiment, participants were verbally asked 1) what they 

thought would be the hypothesis of this experiment; 2) how credible the 

information given during the experiment was, measured on a NRS ranging 

from 0 (“not credible”) to 100 (“fully credible”); and 3) how honest they 

thought the experimenters were, ranging from 0 (“not honest”) to 100 (“fully 

honest”). Participants were debriefed after the experiment. 
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Data Analyses 

Manipulation Checks 

To confirm if our manipulation of the expectations of HFS painfulness was 

successful, we compared the scores of expected painfulness of HFS (NRS 0–

100) between the 2 groups. We also compared the perceived intensity 

elicited by the first single electrical stimulus after removal of the patch 

between the 2 groups. 

 

Primary Outcomes 

The primary outcomes of this study were 1) the difference in perceived 

mechanical pinprick intensity (NRS), averaged across 3 post measurements 

(T2, T3, and T4), between the 2 arms (corrected for the baseline 

measurement) and between the 2 groups; and 2) the difference in proximal-

distal length (cm) of the area of increased pinprick sensitivity, averaged 

across T2, T3, and T4, at the HFS-treated arm between the 2 groups. The 

reason for choosing the average of 3 post measurements (T2, T3, and T4) is 

to increase accuracy in the estimation of pinprick hypersensitivity. 

 

Secondary Outcomes 

The secondary outcomes in this study were 1) the perceived pain intensity 

(NRS 0–100) elicited by HFS, 2) the subjective fear intensity (NRS 0–100), 3) 

the difference in perceived mechanical pinprick intensity (NRS 0–100) 
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measured directly after HFS between both arms (corrected for the baseline 

measurement) and groups, 4) the perceived credibility of the information 

given during the experiment (NRS 0–100), and 5) the perceived honesty of 

the experimenters (NRS 0–100). 

 

Statistical Analyses 

Data were analysed using the statistical package SPSS version 28 (SPSS Inc, 

Chicago, IL). The critical P value was set at .05 (2-sided). 

 

Manipulation Checks 

Expected pain for HFS 

To confirm that our manipulation of expectations was effective, we 

performed an independent sample t-tests on the expected painfulness of 

HFS scores measured before HFS. 

Perceived intensity elicited by the single electrical stimuli after the patch 

To test if the first rating elicited by the single electrical stimulus directly after 

removal of the patch was significantly different between the 2 groups, we 

performed an ANalysis COVAriance (ANCOVA) with the first rating after 

removal of the patch as a dependent variable, “Group” as independent 

(fixed) factor, and the average of the 3 ratings before the application of the 

patch (“Baseline”) as covariate. 
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Primary Outcomes 

Perceived pinprick intensity 

To test if the perceived intensity elicited by the mechanical pinprick stimuli 

was different after HFS between the 2 groups, we conducted a linear mixed 

model (LMM) (restricted maximum likelihood and Satterthwaite 

approximation) with the NRS ratings as a dependent variable, the factor 

“Arm” (control arm vs HFS arm) and “Group” (nocebo vs control) as fixed 

factors, the “Baseline Pinprick Ratings” as covariate, and the factor 

“SUBJECT” as random factor. 

 

Length of the area of increased pinprick sensitivity 

To test if there was a difference in the length of the area of increased pinprick 

sensitivity between the 2 groups, we performed an independent sample t-

test on the total length in centimetres (averaged across T2, T3, and T4) 

between the 2 groups. 

 

Secondary Outcomes 

Independent sample t-tests were performed on the perceived pain intensity 

measured during HFS (average across the 5 trains) and the fear for HFS report 

measured before HFS. 

To test if the first NRS rating elicited by the mechanical pinprick stimulus 

directly after the application of HFS was significantly different between the 2 
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groups, we performed a linear mixed model with the first mechanical 

pinprick rating after HFS as a dependent variable, “Arm” and “Group” as 

independent (fixed) factors, the “Baseline Pinprick Ratings” as covariate, and 

“Subject” as random factor. 

Finally, to assess differences in the perceived credibility of the information 

given during the experiment and the perceived honesty of the experimenters 

between the 2 groups, we performed an independent sample t-test for each 

exit question. 

The effect size in the LMM (η²p) was calculated using the EffectSize package 

in the free online available statistical software R. To calculate effects sizes for 

independent t-tests, we used Cohen’s d. 

 

IV.3. Results 

 

Sample Demographics 

The mean + SD age was 23.2 ± 2.7 for the control group (12 women and 13 

men) and 22.2 ± 2.4 for the nocebo group (15 women and 10 men). 

 

Manipulation Check 

Expected Painfulness of HFS 

The independent sample t-test performed on the ratings of expected 

painfulness of HFS revealed no significant difference (t[48] = .036, P = .971, 
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Cohen’s d = .01) between the 2 groups (Mnocebo = 42.88 vs Mcontrol = 43.08). 

 

Ratings Elicited by the First Single Electrical Stimulus After Removal of the 

Patch 

The ANCOVA revealed a significant effect of “Baseline” 

(F[1,47] = 65.707, P < .001, η²p = .58), meaning that the average (across the 3 

stimuli) baseline ratings elicited by the single electrical stimuli affected the 

ratings to the single electrical stimuli delivered after removal of the patch. 

We found a significant effect of “Group” 

(F[1,47] = 22.109, P < .001, η²p = .32), meaning that the ratings elicited by the 

first single electrical stimulus after removal of the patch were significantly 

different between the 2 groups after correcting for the baseline ratings 

(Mcontrol = 12.22 vs Mnocebo = 23.78, Figure 2A).  Figure 2B shows the mean 

(+SD) ratings elicited by each single electrical stimulus before and after the 

patch. 

 

Figure 2. (A) Estimated marginal means (+SD) of the perceived intensity elicited by 

the first single electrical stimulus, delivered after removing the patch, for the control 
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and nocebo group. Dots are representing individual data. (B) Mean ratings (+SD) of 

each single electrical stimulus applied before and after the patch. 

 

Primary Outcomes 

Perceived pinprick intensity after HFS 

The linear mixed model revealed a significant main effect of “Baseline 

Pinprick Rating” (F[1,68.939] = 49.347, P < .001, η²p = .42), meaning that the 

pinprick ratings after HFS were influenced by the pinprick ratings before HFS. 

We also found a significant main effect of “Arm” 

(F[1,46.043] = 53.681, P < .001, η²p = .54), meaning that the pinprick ratings 

after HFS across all participants differed between the 2 arms after controlling 

for the baseline pinprick ratings (MHFS arm = 22.88 vs Mcontrol arm = 9.887).  

No significant main effect of “Group” (F[1,46.437] = .252, P = .618, η2p = .00) 

or “Arm × Group” interaction  (F[1,46.104] = .793, P = .378, η²p = .02) was 

found. The estimated marginal means (+SD) of the perceived intensity 

elicited by the mechanical pinprick stimuli at each arm (control arm and HFS 

arm) in each group (control and nocebo) are shown in Figure 3. 
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Figure 3. Estimated marginal means (+SD) perceived mechanical pinprick intensity 

after HFS and after controlling for baseline pinprick sensitivity for the control and 

HFS arm in the nocebo and control group. Dots are representing individual data. 

 

Length of the area of increased pinprick sensitivity after HFS 

An unpaired t-test performed on the individual length (averaged across 

timepoints T2, T3, and T4) between the 2 groups (t[48] = .068, P = .946, 

Cohen’s d = .02) revealed no statistically significant difference 

(Mnocebo = 8.95 cm vs Mcontrol = 8.66 cm, Figure 4). 
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Figure 4. Mean (+SD) length (averaged across timepoints T2, T3, and T4) of the area 

of increased pinprick sensitivity. Length is expressed in centimetres (cm). Dots are 

representing individual data. 

 

Secondary Outcomes 

Experienced pain during HFS 

The independent sample t-test performed on the ratings of pain elicited by 

HFS revealed no significant difference (t[48] = −.511, P = .612, 

Cohen’s d = −.15) between the 2 groups (Mnocebo = 67.46 

vs Mcontrol = 65.06, Figure 5A). Figure 5B shows the mean (+SD) pain ratings 

elicited by each HFS train for both groups. 
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Figure 5. (A) Mean (+SD) of the experienced pain during HFS for the 2 groups 

(control and nocebo). Dots are representing individual data. (B) Mean (+SD) 

experienced pain for each train of both groups. 

 

Fear for HFS 

The independent sample t-test performed on the ratings of fear for HFS 

revealed no significant difference (t[48] = −.046, P = .964, Cohen’s d = −.01) 

between the 2 groups (Mnocebo = 27.20 vs Mcontrol = 26.92). 

 

Perceived mechanical pinprick intensity directly after HFS 

The linear mixed model revealed a significant effect of “Baseline Pinprick 

Rating” (F[1,93.376] = 64.804, P < .001, η²p = .41), meaning that the pinprick 

ratings directly after HFS are influenced by the baseline pinprick rating. We 

also found a significant effect of “Arm” 

(F[1,52.538] = 32.862, P < .001, η²p = .38), meaning that the pinprick ratings 

after HFS across all participants differed between the 2 arms after controlling 
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for baseline pinprick ratings (MControl arm = 9.753 vs MHFS arm = 15.527). There 

was no significant effect of “Group” (F[1,54.354] = .798, P = .376, η²p = .01) 

and “Arm × Group” interaction (F[1,52.627] = .259, P = .613, η²p = .00). 

 

Perceived credibility of the information 

The ratings of perceived credibility of information were high in both groups 

(Mnocebo = 96.60 vs Mcontrol = 98.20), meaning that people in both groups 

believed the information they received. An independent sample t-test 

showed that the level of credibility was not significantly different between 

the 2 groups (t[48] = .646, P = .521, Cohen’s d = .19). 

Perceived honesty of the experimenters 

The ratings of perceived honesty of the experimenters were high in both 

groups (Mnocebo = 96.60 vs Mcontrol = 96.80), meaning that the participants 

perceived the experimenters as honest. An independent sample t-test 

showed that the level of honesty was not significantly different between the 

2 groups (t[48] = .073, P = .942, Cohen’s d = .02). 
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Exploratory Analysis 

A significant and moderately strong correlation (Pearson r = .58, P < .01) was 

found between the expected painfulness of HFS and the actual reported pain 

during HFS (averaged across the 5 trains) across all participants (Figure 6). 

 

 

Figure 6. Correlation between the expected painfulness of HFS and the actual 

reported pain during HFS across all participants. Dots are representing individual 

data. 

 

IV.4. Discussion 

 

The present study aimed to investigate if expecting more pain increases HFS-

induced pain and pinprick hypersensitivity in healthy volunteers. We 

hypothesized that expecting more pain for HFS would increase pain ratings 
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during HFS and would promote the development of pinprick hypersensitivity, 

resulting in a larger spread and more intense pinprick hypersensitivity. 

During the manipulation, we found that the nocebo group reported a higher 

intensity rating to the first single electrical stimulus after removing the patch 

compared with the control group. Since the stimulation intensity of this 

electrical stimulus was the same for both groups, this finding indicates that 

the participants in the nocebo group felt the stimulus more intense and/or 

were convinced that their skin indeed had become more sensitive after the 

patch. Surprisingly, the nocebo group did not provide higher ratings for the 

expected painfulness of HFS compared with the control group and did not 

rate the pain during HFS as more intense compared with the control group. 

Hence, the expectation about the single stimulus did not transfer to the HFS 

stimuli, despite both being electrical stimuli. 

Nevertheless, exploratory analyses showed a significant and moderate 

correlation between the expected painfulness of HFS, and the actual pain 

intensity reported during HFS, suggesting that expectations may influence 

pain experiences284, 286.  

The threat that an intervention will increase pain may induce fear of pain and 

may facilitate the nocebo response298. In the present study, no differences 

were found in the reported fear for HFS between the 2 groups, indicating 

that the manipulation in the nocebo group did not induce more fear for HFS 

compared with the control group. A recent study found a mediating role of 

fear in nocebo hyperalgesia but only if high pain is experienced and not when 

it is merely anticipated299. The participants in the present study were naive 
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regarding HFS and did not experience HFS before the manipulation. Future 

studies may include an example HFS train at the beginning of the experiment. 

On the other hand, the participants in the study of Torta et al. (2023) also did 

not experience HFS before, but participants in the “high pain” group reported 

significantly higher pain ratings during HFS compared with the “low pain” 

group295. Moreover, no significant difference in the self-reported fear 

between the 2 groups was found. 

Fear generalization is when fear acquired to one stimulus transfers to 

another stimulus. Fear conditioning experiments have shown that this is the 

case for stimuli that are perceptually similar300. One possibility is that the 

single electrical stimuli applied after the patch are perceptually too different 

compared with the HFS, and therefore the acquired fear during the 

manipulation may not have transferred to the high-frequency stimuli. 

Another possibility could be that expectations created 

for nonpainful electrical stimuli do not generalize to expectations 

for painful electrical stimuli, because of the different qualitative nature of 

the stimuli. This is supported by a recent study showing that nocebo effects 

on cowhage-evoked itch generalized to mechanically evoked itch but not to 

mechanically evoked touch301. Another study, conducted by the same group, 

showed that nocebo effects on pain may generalize within but not across 

stimulus modalities302. It would be interesting to repeat this experiment but 

using painful single electrical stimuli. 

A recent study found that the effect of a cue has less effect on pain when the 

prediction error is large303. The expectation of HFS pain was on average 40 
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on the NRS, but the averaged pain intensity during HFS around 60. Any effect 

of the electrode (cue), through which the single electrical stimuli were 

delivered before and after the patch, could have been mitigated by the 

(large) difference between expected pain for HFS and the actual pain 

experienced during HFS. 

Importantly, the perceived credibility of the information as well as the 

perceived honesty of the experimenters were on average very high and not 

different between the 2 groups, indicating that the participants trusted the 

information given during the experiment and the experimenters. On the 

other hand, these ratings were asked verbally and therefore it cannot be 

ruled out that they were affected by the experimenter demand effect. 

Because we were not able to manipulate the expectations of HFS pain 

differently between the 2 groups, it is difficult to interpret the lack of changes 

in the HFS-induced spread and intensity of increased pinprick sensitivity. 

Previous studies have shown an average increase in pinprick sensitivity after 

HFS of 20 points on the NRS when using an HFS stimulation intensity 

corresponding to 20× the detection threshold to a single electrical stimulus80, 

118. The average detection threshold for this type of electrode is usually 

around .3 mA80, 118. The HFS stimulation intensity in the present study was 

3 mA that corresponds to an intensity of 10× the individual detection 

threshold to a single electrical stimulus. In the present study, the increase in 

pinprick ratings after HFS was on average 10 points on the NRS (in the control 

group), which is half of the increase compared with HFS studies that used a 

20× detection threshold HFS intensity. Based on this, we believe that the lack 
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of difference in pinprick hypersensitivity after HFS between the 2 groups is 

most likely not due to a ceiling effect in the increase in pinprick ratings. 

A previous study found that expectations of pain reduction directed to 1 

body part did not transfer to other body parts, suggesting that placebo 

effects are somatotopic-specific304. In the present study, pinprick 

hypersensitivity was tested adjacent to the site at which expectations of pain 

increase were directed and could explain a lack of effect. However, it is 

unclear if somatotopic specificity is present for nocebo effects and how 

narrow the spatial specificity is. 

When performing exploratory post hoc analyses, no associations between 

the averaged pain during HFS and the length or intensity of increased 

pinprick sensitivity were found. In contrast, Torta et al. (2023) found a 

significant correlation between HFS pain and the intensity of increased 

pinprick sensitivity. It is unclear why ratings of the painfulness of HFS are 

sometimes correlated and sometimes not to the increased pinprick 

sensitivity. They also also observed a higher average pain elicited by HFS in 

their experimental group compared with their control group, but no changes 

were observed in the length of the area of HFS-induced increased pinprick 

sensitivity295. This latter suggests that experiencing more pain as a 

consequence of expecting more pain does not necessarily result in a larger 

spread of increased pinprick sensitivity. However, they did find a significant 

3-way interaction between time, side, and group for the pinprick ratings, 

suggesting that the increase in mechanical pinprick sensitivity after HFS at 

the HFS-treated arm was larger in the “high pain” group compared with the 

“low pain” group. However, no follow-up comparisons were statistically 
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significant, and the effect size was rather small; therefore, an alternative 

explanation could be that the significant 3-way interaction is a chance 

finding. 

 

IV.5. Conclusion 

 

To conclude, despite the finding that participants in the nocebo group 

reported a higher perceived intensity to the single electrical stimulus after 

the patch compared with the control group, they did not expect HFS to be 

more painful and did not report more pain during HFS compared with the 

control group. Because the expectations about the HFS painfulness were not 

significantly different between the 2 groups, and no differences were 

observed in the pain ratings during HFS, it is difficult to interpret the lack of 

differences in HFS-induced pinprick hypersensitivity between the 2 groups. 

However, our data do provide evidence for an association between 

expectations and subsequent pain experiences. 
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Abstract  

 

Background: Persistent pain is frequent after thoracotomy. Identifying the 

subset of patients at risk for persistent post-thoracotomy pain preoperatively 

is clinically important, as they could benefit from targeted prevention 

measures. In this prospective cohort study, we investigated if the 

preoperatively assessment of individual susceptibility to developing 

experimentally induced secondary mechanical hyperalgesia predicts post-

thoracotomy pain at two months. 

Methods: Patients scheduled to undergo a posterolateral thoracotomy were 

recruited before surgery and followed prospectively for two months. Of the 

forty-one patients that were recruited only twenty could be included. The 

day before surgery, we experimentally induced secondary mechanical 

hyperalgesia at one of the two forearms and measured the change of 

perception to mechanical pinprick stimuli and the spread of hyperalgesia. On 

postoperative day 4, day 15 and at the 2-month follow-up, patients were 

asked about their pain intensity at rest and during coughing and the area of 

secondary mechanical hyperalgesia around the scar as well as the change in 

perception to mechanical pinprick stimuli was measured. 

Results: Forty percent reported pain at the two months follow-up. All of 

them reported cough-evoked pain and ten percent also reported pain at rest. 

A binary logistic regression model with both the magnitude and extent of 

experimentally induced secondary mechanical hyperalgesia was statistically 

significant (Chi2=12.439, P=.002, McFadden R2 = .462) and showed excellent 

discriminative power (AUC=.938) for the presence or absence of cough-

evoked pain at the two-month follow-up. 

Conclusion: Our findings indicate that the individual susceptibility to 

developing experimentally induced secondary mechanical hyperalgesia 

preoperatively may identify patients who are potentially vulnerable to 

develop persistent post-thoracotomy pain. 
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V.1. Introduction 

 

Persistent pain is frequent after thoracotomy, with a reported prevalence 

between 30% and 60%180, 305. Identifying the subset of patients at risk for 

persistent post-thoracotomy pain is clinically important, as they could 

benefit from targeted pre-emptive measures. 

It is believed that central sensitization, defined by the International 

Association for the Study of Pain (IASP) as “increased responsiveness of 

nociceptive neurons in the central nervous system to their normal or 

subthreshold afferent input”, contributes to persistent pain42, 306-309. 

Secondary mechanical hyperalgesia, the increased mechanical pinprick 

sensitivity of the skin surrounding cutaneous tissue injury, is considered a 

perceptual correlate of central sensitization29, 42, 310.  

Using a prospective design, Martinez et al. (2012) showed that patients who 

suffered from postsurgical neuropathic pain at three months had larger areas 

of incision-induced secondary mechanical hyperalgesia in the immediate 

postoperative period311. Moreover, clinical studies have shown that analgesic 

protocols that reduce the area of incision-induced secondary mechanical 

hyperalgesia also reduce pain at three and six months312-315. While other 

prospective studies did not find a relationship between the area of incision-

induced secondary hyperalgesia and pain at six months, Momeni et al. 

reported that significantly more patients with pain at six months had 

mechanical hyperalgesia at postoperative day 5316, 317. Taken together, the 

relationship between the size of the area of incision-induced secondary 
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mechanical hyperalgesia and the development of persistent postsurgical 

pain remains unclear318.   

Importantly, the aforementioned studies focused on incision-induced 

secondary hyperalgesia, which can be affected by several factors (e.g., extent 

of wound surgery, wound complications, analgesic treatment, etc.). 

Moreover, one would ideally need a preoperative measure to identify at-risk 

patients as early as possible. 

Secondary hyperalgesia can be induced experimentally, and a previous study 

found that the areas of experimentally heat-induced secondary hyperalgesia 

and incision-induced secondary hyperalgesia after gynaecology surgery 

moderately correlated57, 192. This raises the intriguing question of whether 

interindividual variations in the preoperative susceptibility to develop 

experimentally induced secondary hyperalgesia may also predict who will 

develop persistent postsurgical pain. To the best of our knowledge, no 

clinical studies have investigated this yet.  

We have shown that noxious electrical cutaneous stimulation can induce 

secondary mechanical hyperalgesia80, 118, 119. Electrical stimulation has the 

advantage that it can be applied in a highly standardized and well-controlled 

manner. By comparing different frequencies of electrical stimulation, we 

found that middle-frequency stimulation (MFS) induced maximal secondary 

mechanical hyperalgesia in healthy human volunteers80. A follow-up 

reliability study further showed that the area of MFS-induced secondary 

mechanical hyperalgesia is highly reliable78.  
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The aim of this prospective cohort study was to investigate, in patients 

scheduled to undergo thoracotomy for the treatment of lung cancer, if the 

extent of MFS-induced secondary mechanical hyperalgesia before surgery 

predicted the presence of pain at two months. The two-month endpoint was 

chosen to avoid potential confounding of adjuvant treatments (e.g., 

chemotherapy) to the development of persistent pain319. We hypothesized 

that individuals who develop greater experimentally induced secondary 

mechanical hyperalgesia before surgery are more likely to have pain two 

months after surgery. 

 

V.2. Methods 

 

Patients 

The study was approved by the Comité d’Éthique Hospitalo-Facultaire Saint-

Luc, UCLouvain (B403201940443) and conducted according to the 

Declaration of Helsinki. The study was pre-registered on clinicaltrials.gov 

(NCT04220697). We estimated that a total of 70 patients would be needed. 

The sample size calculation was based on a logistic regression analysis of a 

binary response variable (presence/absence of pain at two months) and a 

continuous, normally distributed variable (perceived pinprick intensity). 

Patients were recruited between January 2020 and December 2023 at the 

Department of Cardiovascular and Thoracic Surgery of the Cliniques 

Universitaires Saint-Luc in Brussels, Belgium.  
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Inclusion criteria were: 1) being between 18 and 80 years old, 2) being 

scheduled for a pulmonary anatomical lung resection by posterolateral 

thoracotomy to treat primary lung cancer, and 3) being able to provide 

written informed consent. Exclusion criteria were: 1) evidence for a clinically 

significant alteration of the skin of the volar forearms, 2) being pregnant, and 

3) having a pacemaker or implanted cardiac defibrillator.  

Figure 1 details the patient selection. At the end of the study period, forty-

one eligible patients were included. All patients signed an informed consent. 

Of those forty-one patients, we had to exclude nine patients because of 

problems with data collection. Furthermore, seven patients were excluded 

because they did not tolerate the pain induced by the MFS stimulation and 

requested to withdraw. One patient was excluded because his surgery was 

rescheduled some months after the preoperative assessment. Finally, we 

were not able to do the two-month follow-up in four patients. Therefore, the 

final analysis included 20 patients (12 males/8 females, mean (±SD) age: 65.6 

years ± 12.5, ranging from 81 to 39 years). 
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Figure 1. Flowchart of patient selection (see text). 

 

Experimental design 

Figure 2A shows the study design. On the day prior to their surgery (D-1), 

patients were asked to fill out a set of questionnaires about the presence and 

impact of pain (Brief Pain Inventory), whether this pain present some 

neuropathic components (DN4) and about anxiety and depression (Hospital 

Anxiety and Depression Scale). After that, the mechanical pinprick sensitivity 

of the chest skin of the side that had to be operated was assessed. Then, the 

mechanical pinprick sensitivity of the skin at both forearms was assessed 

before and after MFS was applied to induce secondary mechanical 

hyperalgesia at one of the two forearms. The next day (D0) patients 
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underwent surgery (thoracotomy). Four days after their surgery (D4), 

patients were asked about the intensity of their pain at rest and during 

coughing. Furthermore, the mechanical pinprick sensitivity around the scar 

was assessed (intensity of perception and area of secondary mechanical 

hyperalgesia). Those same assessments were repeated at fifteen days (D15) 

and two months (M2) after surgery. At the 2-month follow-up, patients were 

also asked to fill out the same questionnaires as the ones on   the day before 

surgery (D-1). 

 

Figure 2. A. Design of the study (see text). D-1 = day before surgery, D0 = day of 

surgery, D4 = day 4 after surgery, D15 = day 15 after surgery, M2 = two months after 

surgery. MFS = middle-frequency electrical stimulation to induce secondary 

mechanical hyperalgesia. HADS = Hospitality Anxiety and Depression Scale, DN4 = 

Douleur Neuropathique 4 Questionnaire, BPI = Brief Pain Inventory. B. 

Characteristics of the MFS electrode. C. MFS was applied through the MFS electrode. 

Changes in pinprick sensitivity were assessed before and after MFS within the grey 
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areas. The length of the area of increased pinprick sensitivity was assessed along the 

proximal-distal axes at the arm that received MFS. 

Conditioning stimulation 

MFS was used to induce secondary mechanical hyperalgesia on the skin of 

the volar forearm skin. MFS consisted of twelve trains of 42 Hz biphasic 

charge-compensated electrical pulses80. Each biphasic pulse consisted 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. Each train lasted one second and was delivered in a 10-second interval. 

The total duration of the stimulation protocol was two minutes. 

MFS was applied to one of the two forearms approximately 10 cm from the 

cubital fossa. The electrical pulses were triggered by a digital-analog 

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) via a specially designed 

electrode (Figure 2B). The electrode 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 inside a circle with a diameter of 10 mm and serve as the cathode. A 

stainless-steel reference electrode that serves as the anode is concentrically 

located and has an inner diameter of 22 mm and an outer diameter of 40 

mm. The intensity of MFS was individually adjusted to twenty times the 

detection threshold to a single non-charge-compensated monophasic pulse 

(pulse width: 2 ms). The detection threshold was determined using the 

method of limits. During the MFS stimulation, patients were instructed to 
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rate each train on a Numeric Rating Scale (NRS) that ranged from 0 (“No 

pain”) to 100 ("Maximum pain imaginable"). 

 

Assessment of MFS-induced secondary hyperalgesia 

The assessment of MFS-induced secondary mechanical hyperalgesia was 

performed as described in Cayrol et al. (2020), using a 128 mN calibrated 

mechanical pinprick stimulator (MRC Systems, 200 Heidelberg, Germany)78. 

Mechanical pinprick sensitivity was evaluated before and 30, 35, and 40 

minutes after applying MFS. At each time-point a total of three stimuli were 

applied to the forearm receiving MFS within a circle of 1.5 cm outside the 

cathode and to the homologous skin of the contralateral control arm (Figure 

2C). The pinprick stimuli were delivered perpendicular to the skin and were 

never delivered twice at the exact same location, to avoid sensitizing the skin. 

After each pinprick stimulus patients were asked to rate the perceived 

intensity on a Numeric Rating Scale (NRS) ranging from 0 (“No detection”) to 

100 (“Maximal pain imaginable”), with 50 representing the transition from 

nonpainful to painful domains of sensation. At all three post-MFS 

measurements, after collecting the perceived intensity ratings, we also 

estimated the length of the area of secondary mechanical hyperalgesia at the 

MFS-stimulated arm along the proximal-distal axis of the volar forearm 

(Figure 2C). For this, we used the same pinprick stimulator to stimulate the 

skin along the proximal-distal axis originating from the centre of the area at 

which MFS was delivered. Mechanical pinprick stimulation started close to 

the cubital fossa and just before the wrist. Each stimulus was separated by 

steps of 1 cm, at a pace of 1-second stimulation and 1-second interval, in the 
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direction of the MFS site78. During the mapping, patients were instructed to 

keep their eyes closed and to say “now” when they felt a clear increase of 

pinprick sensitivity. Then, the pinprick stimulation was delivered in steps of 

0.5 cm before and after this point to confirm the border. 

Assessment of postsurgical pain 

For evaluating the intensity of clinical postsurgical pain, it is recommended 

to differentiate between pain at rest and movement-evoked pain320. At day 

4 (D4), day 15 (D15) and 2-months (M2), patients were asked to evaluate 

their pain intensity at rest and during coughing using a NRS ranging from 0 

(“No pain”) to 100 (“Maximal pain imaginable”). For cough-evoked pain, 

patients were instructed to cough while sitting upright. Pain at rest was 

always asked before cough-evoked pain. 

 

Thoracic surgery  

Patients underwent a posterolateral thoracotomy (5-6th intercostal space) 

for anatomical resection of lung cancer. All thoracotomies were limited, 

muscle-sparing (Serratus muscle) and performed by the same surgeon (VL).  

 

Anaesthesia and postoperative analgesic treatment 

Patients were premeditated with alprazolam 0.5 mg or 1 mg. General 

anaesthesia was induced with sufentanil (max 0.2 mcg/kg), propofol (1-2 

mg/kg), rocuronium or atracurium (0.5 mg/kg, adjusted according to 
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neuromuscular monitoring), and ketorolac (0.5 mg/kg and max 30 mg). 

General anaesthesia was maintained with a continuous administration of 

propofol or sevoflurane, titrated based on the intraoperative EEG. An 

epidural catheter was inserted before induction of general anaesthesia in all 

patients, unless contraindicated or technically impossible. Intraoperative 

analgesia was achieved with a levobupivacaine 0.5% and sufentanil bolus, 

followed by a continuous infusion or iterative boluses every 50 minutes 

(levobupivacaine 0.25%). Postoperative analgesia was provided by patient-

controlled epidural analgesia (PCEA, levobupivacaine). Patients without 

epidural received intraoperative ketamine (0.5 mg/kg followed by 0.25 

mg/kg/h) and postoperative patient-controlled intravenous analgesia (PCIA, 

morphine or piritramide). 

 

Assessment of mechanical pinprick sensitivity around the scar 

At the day before surgery (D-1) the mechanical pinprick sensitivity of the skin 

of the side to be operated was assessed using the same mechanical pinprick 

stimulator as for the assessment of pinprick sensitivity before and after MFS. 

Patients were asked to lay on the non-operated side and a total of three 

pinprick stimuli were delivered in the region of the future surgical incision. 

After each stimulus, patients were asked to rate the perceived intensity on a 

NRS ranging from 0 (“No pain”) to 100 (“Maximal pain imaginable”).  

At day 4 (D4), day 15 (D15) and 2-month (M2) follow-up, mechanical pinprick 

sensitivity of the skin surrounding the scar was assessed using the same 

pinprick stimulator. First, the area of secondary mechanical hyperalgesia was 
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determined. For this, pinprick stimulation was applied along 14 radial lines. 

For each line, the stimulation started far outside the scar and was delivered 

in steps of 0.5 cm towards the scar until the patient reported a clear increase 

in pinprick sensitivity, which indicated the border and was marked on the 

skin. The distance between this point and the scar was measured and noted. 

The stimulation stopped approximately 0.5 cm before the scar.  

Then, three pinprick stimuli were delivered inside the area of secondary 

mechanical hyperalgesia (at least 0.5 cm from the scar), or if not present, 1 

cm around the scar. After each stimulus, patients were asked to rate the 

perceived intensity on the same NRS as the one used for assessing changes 

in pinprick sensitivity at the chest at the day before surgery (D-1). 

The area size of secondary mechanical hyperalgesia was estimated using a 

cubic spline interpolation (‘interpclosed’ function using cubic pchip 

interpolation; Santiago Benito 2021 MATLAB) across all fourteen points. 

 

Questionnaires 

The Hospital Anxiety and Depression Scale (HADS) was designed to detect 

states of depression and anxiety in the setting of a hospital or a medical 

outpatient clinic321. The scale consists of 14 items. Seven relate to anxiety 

and seven to depression. Each item is scored on a scale from 0 (absence of 

symptom) to 3 (maximum symptom severity). 

The Douleur Neuropathique 4 questions (DN4) questionnaire was used to 

screen for a possible presence of neuropathic components. The DN4 consists 
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of 10 questions assessing sensory descriptors and signs associated with 

neuropathic pain322. A score ≥ 4 is used as a cutoff for possible neuropathic 

pain. 

The Brief Pain Inventory (BPI) was used to evaluate the intensity of pain and 

its interference in daily activities. It was designed to assess the severity and 

impact of pain experienced primarily, but not exclusively, by cancer 

patients323. It is divided into two parts: one part enquires about pain intensity 

(sensory dimension) and the other part about pain interference (reactive 

dimension). Items are scored on a 0-10 scale, where 0 indicates no pain or 

interference and 10 indicates the highest imaginable pain or complete 

interference323. 

 

Statistical analysis  

All statistical analyses were performed in JASP v. 17 (www.jasp-stats.org). 

Primary outcome 

To answer the question of whether MFS-induced secondary mechanical 

hyperalgesia predicts the likelihood of having pain (yes or no) two months 

after surgery, we conducted two univariate logistic regression analyses for 

each of the variables separately (model 1: MFS-induced change in pinprick 

intensity; model 2: length of the MFS-induced area of secondary mechanical 

hyperalgesia) and a multivariable logistic regression analysis with both 

variables (model 3). The goodness-of-fit of each model was assessed using 

the chi-square statistic, associated p-value, and the McFadden R-squared, 

http://www.jasp-stats.org/
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this latter being considered a measure of “predictive power”324. The 

classification performance of the models was evaluated with the area under 

the Receiver Operating Characteristic (ROC) curve, which quantifies how well 

the model can distinguish between positive and negative cases, and the 

Akaike Information Criterion (AIC) which estimates the prediction error. 

Secondary outcomes 

We calculated a Pearson correlation to investigate if there was a relationship 

between the length of the area of MFS-induced secondary mechanical 

hyperalgesia and the spatial extent of the area of incision-induced secondary 

mechanical hyperalgesia at D4 after surgery. The area of incision-induced 

mechanical secondary hyperalgesia was normalized to the length of the scar 

(which was different across patients) and expressed as its square root. 

To assess if incision-induced secondary hyperalgesia at D4 is predictive for 

pain at two months we conducted two univariate logistic regression 

analyses: one for the change in perceived intensity (model 1) and one for the 

extent of the area (model 2), and a multivariate analysis with both variables 

were included (model 3). 

We also investigated whether the reported pain intensity at D4 predicted the 

presence of pain at two months. For this, we ran two univariate logistic 

regression analyses: one with the spontaneous pain at D4 (model 1) and one 

with the evoked pain at D4 (model 2), and a multivariate analysis where we 

included both variables in the same model (model 3). 
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V.3. Results 

 

Incidence of pain at two months (M2) 

We found that eight patients (40%) reported pain at the two-month follow-

up. All these patients reported cough-evoked pain; two of them (10%) 

reported pain at rest (Figure 3). Since cough-evoked pain was more prevalent 

than pain at rest, we focused our analysis on this type of pain. Table 1 

compares pre-, peri-, and postoperative variables between patients with and 

without cough-evoked pain at two months.  
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Time Variables  Without pain 

at M2 (n=12) 

With pain 

at M2 

(n=8) 

P 

Preoperative     

 Gender (M:F) 7:5  5:3  ns 

 

Age (years) 69.5 (46.0-

77.8) 

66.0 

(50.0-

72.3) 

ns 

 

BMI 25.1 (23.9-

29.4) 

24.0 

(22.9-

27.6) 

ns 

 
Hypertension 

(n) 

4 (33.3%) 4 (50.0%) ns 

 
HADS-Anxiety 

scale 

7.0 (5.0-11.0) 7.0 (4.5-

10.5) 

ns 

 

HADS-

Depression 

scale 

5.0 (4.0-6.8) 2.5 (2.0-

5.8) 

ns 

 DN4 (n)1 0 0 - 

 
Pre-existing 

pain (n, %) 

22 (16.7%) 33 (37.5%) ns 

 

Pain at this 

moment4 (n, 

%) 

0 (0%) 3 (37.5%) ns 

 
Pinprick thorax 

(NRS) 

5.8 (2.3-10.9) 18.3 (4.3-

27.8) 

ns 
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Perioperative     

 
Premedication 

(n, %) 

4 (33.3%) 3 (37.5%) ns 

 Epidural (n, %) 9 (75%) 7 (87.5%) ns 

 

           

Levobupivacai

ne 

           (mg) 

25 (20-25) 25 (25-

25) 

ns 

 

          

Sufentanil 10 

μg  

           (n, %) 

4 (33.3%) 7 (87.5%) ns 

 

           

Maintenance 

(ml) 

12.5 (8.8-27.5) 12.5 

(12.5-

15.6) 

ns 

 
Duration 

surgery (min) 

141 (106-177) 148 (123-

181) 

ns 

 
Type of 

method 

   

 
(lob:bilob:wed:

seg:lymp)5 

7:1:2:2:0 3:1:1:1:2 ns 

 Complications 4 0 ns 

Postoperative     

D0-4 
Mode of 

administration 

4:7  1:7  ns 
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analgesia 

(PCIA:PCEA)6 

D4 
Length of the 

scar (cm) 

10.0 (9.1-13.4) 11.8 (9.8-

12.8) 

ns 

 

Pain – at rest 

(NRS) 

2.0 (0.0-10.0)7 35.0 

(13.8-

50.0) 

0.0071 

 

Pain – cough-

evoked (NRS) 

35.0 (10.0-

50.0)7 

70.0 

(46.3-

77.5) 

0.0145 

 

Pinprick thorax 

(NRS) 

11.7 (1.3-

28.3)7 

31.7 

(11.3-

49.2) 

ns 

 

Normalized SH 

area (cm2) 

14.6 (0.4-

39.1)7 

46.1 

(29.2-

88.6) 

0.0093 

D15 

Pain – at rest 

(NRS) 

0.0 (0.0-21.3) 22.5 

(10.0-

40.0) 

0.0388 

 

Pain – cough-

evoked (NRS) 

20.0 (0.0-36.3) 55.0 

(35.0-

71.3) 

0.0187 

 

Pinprick thorax 

(NRS) 

13.3 (3.3-

33.3)7 

20.0 

(15.0-

33.3)8 

ns 

 

Normalized SH 

area (cm2) 

18.3 (12.3-

52.5)7 

36.9 

(13.4-

46.3)8 

ns 
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M2 
Pain – at rest 

(NRS) 

0.0 (0.0-0.0) 0.0 (0.0-

22.5) 

- 

 

Pain – cough-

evoked (NRS) 

0.0 (0.0-0.0) 15.0 

(11.3-

50.0) 

- 

 

Pinprick thorax 

(NRS) 

3.3 (0.0-19.6)9 15.8 

(10.4-

27.1) 

ns 

 

Normalized SH 

area (cm2) 

5.8 (0.0-31.5)9 23.7 

(15.5-

34.6) 

ns 

 
HADS – Anxiety 

scale 

5.5 (3.3-8.8) 1.5 (0.3-

6.0) 

ns 

 

HADS – 

Depression 

scale 

4.0 (2.3-6.8) 3.0 (0.5-

4.8) 

ns 

 DN4 (n)1 0 2 ns 

 BPI-Mean Pain 

Severity 

0.0 (0.0-0.2) 1.0 (0.0-

2.1) 

0.0452 

 BPI-

Interference 

0.0 (0.0-0.0) 0.8 (0.0-

2.3) 

0.0293 

 

Table 1. Patient characteristics. Number of patients (n) with percentages (%) or 

medians with interquartile ranges are shown. P = p-value from either a Chi-square 

test in the case of frequencies or a non-parametric Mann-Whitney U test. BMI = body 

mass index, HADS = Hospital Anxiety and Depression Scale, DN4 = Douleur 

Neuropathique 4 Questions, BPI = Brief Pain Inventory, NRS = Numeric Rating Scale.  
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ns = not significant, - = not possible to run the Mann-Witney U test because of all 

zeros in the without pain group. D0-4 = Day 0 to 4 after surgery, D4 = day 4 after 

surgery, D15 = day 15 after surgery, M2 = 2-month follow-up. 

1 : Number of patients that scored ≥4.  

2 : One patient had low back pain, and one patient had shoulder pain.  

3 One patient had low back pain, one patient had pain in the post-nephrectomy belt 

and one patient had shoulder pain (probably related to a previous thoracotomy). 

 4 The number reported here refers to the number of patients reporting pain at that 

moment and was based on the item BPI-Now. 

5 Refers to Lobectomy: Bi-lobectomy: Wedge resection: Segmentectomy: lymph 

node dissection. 

6 PCIA = Patient-Controlled Intravenous Analgesia, PCEA = Patient Controlled 

Epidural Analgesia 

7 N=11 

8 N=7 

9 N=8 
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Figure 3. Pain scores for pain at rest (top) and during coughing (below) at D4, D15, 

and M2 for each patient (numbers on the right). Coloured lines are those patients 

reporting pain at the 2- month follow-up. NRS = Numeric Ratings Scale. 
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MFS-induced pain and secondary mechanical hyperalgesia 

The mean (and SD) electrical detection threshold determined before 

applying MFS was 0.25 (±.08) mA across all patients. The electrical detection 

threshold was not significantly different between the patients with and 

without pain (Mann-Whitney U test: U=29.5, P=.162). The median (and 

interquartile range) threshold was 0.26 (0.25-.030) mA for the patients 

without pain and 0.20 (0.12-0.30) mA for the patients with pain. 

Figure 4A shows the pain intensity elicited by MFS (averaged across the 

twelve trains) for both groups (with and without cough-evoked pain at two 

months). Figure 4B shows the pain intensity for each train. Figure 4C shows 

the increase (compared to baseline and control site) in perceived pinprick 

intensity induced by MFS. Figure 4D shows the length of the area of 

secondary mechanical hyperalgesia. 
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Figure 4. MFS-induced pain and secondary mechanical hyperalgesia compared 

between patients with and without cough-evoked pain at the two-month follow-up. 

A. Median pain elicited by MFS (averaged across all twelve trains). B. Median pain 

induced by MFS for each train. C. Median change in perceived pinprick intensity. D. 

Median length of the area. Shown are the median and interquartile ranges. Each dot 

represents a single patient. * = P<.05, ** = P<.01. Significance refers to the Mann-

Whitney U test. 

Primary outcome 

First, we inspected the data for outliers and multicollinearity. We found no 

values larger than 1 at the Cook’s Distance test and no values larger than 3 

for the Standardized Residuals. We found that the length of hyperalgesia and 

change in perceived intensity were correlated (Pearson’s r=.605, P=.005), but 

less than .8 (critical threshold). The Variation Inflation Factor (VIF) was 1.173 

(threshold for multicollinearity is at 4).  

The logistic regression results are shown in Table 2. All three models were 

statistically significant, indicating that they all provide a significantly better 

fit to the data than a model without predictors. The McFadden R-squared is 

larger for models 2 and 3 compared to model 1, indicating that these models 

have more predictive power. According to the area under the ROC curve 

(AUC), models 1 and 2 performed excellently (AUC >.8, Table 2), and model 

3 outstandingly (AUC > .9). The AIC of models 2 vs. 3 were comparable (model 

2: 18.95 and model 3: 20.48) using the criterion of a difference of less than 

two points. However, the AIC of model 1 was larger (24.28) compared to 

model 3.  
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The univariate logistic regression analyses (models 1 and 2) revealed a 

significant positive coefficient for both the change in perceived intensity and 

the length of the area (Table 3). A positive coefficient means that an increase  

in the unit of the predictor is associated with an increase in the probability 

of having pain two months after surgery. For example, in model 2 the odds 

ratio (OR) is 2.070, meaning that for each additional centimetre there is a 

107% increase in the odds of having pain at two months after surgery. In the 

multivariate analysis (model 3) however, neither predictor was statistically 

significant.  

 

Table 2. Logistic regression model summary for the prediction of cough-

evoked pain two months after surgery. For each model the Chi-squared, its 

p-value, the McFadden R2 and area under the Receiver Operating Curve 

(AUC) are shown. 
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Table 3. Logistic regression coefficients for the prediction of cough-evoked 

pain two months after surgery. For each model, the regression coefficient 

with its error term, the Odds Ratio (OR) with the 95% confidence interval, 

and the Wald statistic with its p-value are shown. 

Secondary outcomes 

We found a significant and positive correlation (r=.533, P=.019) between the 

length of the area of MFS-induced secondary mechanical hyperalgesia and 

the spatial extent of the area of incision-induced secondary mechanical 

hyperalgesia on day 4 normalized for scar length.  

The logistic regression analysis with the incision-induced secondary 

mechanical hyperalgesia at day 4 showed that the model with the change in 

perceived pinprick intensity (model 1) was not statistically significant (Chi-

squared = 1.299, P = .250, McFadden R-squared = .048). In contrast, the 

model with the spatial extent (model 2) was statistically significant (Chi-

squared = 8.200, P = .004, McFadden R-squared = .317). The spatial extent 

was a significant positive predictor (Coefficient=.620, SE=0.294, Wald=4.456, 

P=.035, OR=1.859, 95% CI=1.045-3.305). Also model 3 (with both the change 

in perceived intensity and spatial extent) was statistically significant (Chi-

squared = 8.642, P = .013, McFadden R-squared = .334). The AUC of model 2 

(AUC=.864) and model 3 (AUC=.852) were comparable. The AIC of model 2 

(21.66) and model 3 (23.22) were also comparable. Thus, model 3 did not 

perform better than model 2. 
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The logistic regression analysis with pain at rest at D4 and cough-evoked pain 

at D4 revealed that all three models were statistically significant and 

performed well (Table S1). Furthermore, the AIC was comparable between 

model 1 (21.951) or model 2 (22.141) vs. model 3 (23.142). The two types of 

pain (at rest and evoked) were significantly correlated (Pearson’s r=.787, 

P<.001), but the VIF was 1.876. Table S2 shows the logistic regression 

coefficients. 

 

Table S1. Logistic regression model summary for the prediction of cough-

evoked pain two months after surgery. For each model the Chi-squared, its 

p-value, the McFadden R2 and area under the Receiver Operating Curve 

(AUC) are shown.  

 

 

Table S2. Logistic regression coefficients for the prediction of cough-evoked 

pain two months after surgery. For each model, the regression coefficient 
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with its error term, the Odds ratio with the 95% confidence interval, and the 

Wald statistic with its p-value are shown. 

 

V.4. Discussion 

 

This study aimed to investigate whether the individual susceptibility to 

developing MFS-induced secondary mechanical hyperalgesia preoperatively 

predicted the presence of post-thoracotomy pain at two months. We found 

that 40% of the included patients reported cough-evoked pain at the two-

month follow-up. We show, for the first time, that the magnitude (intensity 

and extent) of preoperatively assessed MFS-induced secondary mechanical 

hyperalgesia displays excellent discriminative power (AUC >. 9) for the 

presence or absence of cough-evoked pain two months after thoracotomy. 

These results support the hypothesis that a heightened individual 

susceptibility to develop experimentally induced secondary mechanical 

hyperalgesia may identify patients who are vulnerable to the development 

of persistent post-thoracotomy pain. 

Interestingly, the extent of the area of MFS-induced secondary mechanical 

hyperalgesia and the extent of the area of incision-induced secondary 

mechanical hyperalgesia were correlated. This has already been 

demonstrated with experimental heat-induced secondary hyperalgesia and 

incision-induced secondary hyperalgesia after gynaecologic surgery192. These 

findings suggest that the individual susceptibility for spreading hyperalgesia 

may be similar across different pain-inducing events.  
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In a recent study, Patel et al. (2024) recorded in rats, before and after HFS, 

the responses of spinal wide-dynamic range neurons elicited by mechanical 

pinprick stimuli delivered to the glabrous skin of the paw292. They found 

increased WDR neuron responses after HFS when the mechanical stimuli 

were applied to the HFS-treated area and the adjacent area. They also found 

that when HFS was applied to the receptive field, an expansion of receptive 

field size for mechanical pinprick stimuli was observed but when HFS was 

delivered adjacent to the receptive field, no expansion of the receptive field 

was observed. These findings suggest that the increased WDR neuron 

responses elicited by mechanical pinprick stimuli applied at distant sites 

might involve a mechanism different than the one underlying the receptive 

field expansion. A possible candidate mechanism could be descending 

facilitation292, 325, 326. Similar effects are probably observed after MFS and the 

questions arises whether the variability in the area size of MFS-induced 

secondary mechanical hyperalgesia observed in patients the day before 

surgery could have been (partly) the result of individual differences in 

descending facilitation. Similar findings with respect to WDR neuron activity 

have been observed after incision of the paw327-329. A posterolateral 

thoracotomy activates both somatic and visceral nociceptive afferents and 

induces peripheral and central sensitization330, 331.  

Given that the extent of the area of MFS-induced secondary mechanical 

hyperalgesia and the extent of the area of incision-induced secondary 

mechanical hyperalgesia were correlated in our patients, and that the extent 

of the area of MFS-induced secondary mechanical hyperalgesia predicted 

cough-evoked pain at two months, it may not be surprising that the extent 
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of postoperative hyperalgesia also predicted cough-evoked pain at two 

months.  

We also found that the reported pain intensity on day 4 predicted cough-

evoked pain at two months. This is in line with the known literature, as the 

intensity of postoperative has long been recognized as a predictive factor for 

the development of persistent postsurgical pain in several surgical models, 

including thoracotomy180. Besides postoperative pain, younger age, female 

sex, hypertension, preoperative pain, open thoracotomy, more extensive 

procedures (bilobectomy, pneumonectomy, lobectomy plus wedge 

resection and pleurectomy) and wound complications were also found to be 

predictors for persistent post-thoracotomy pain180.  

Some studies also reported anxiety and depression as risk factors for post-

thoracotomy pain180, 193, 198. Indeed, a recent meta-analysis showed that state 

anxiety has a significant association with persistent postsurgical pain332. In 

our study we found no significant differences in the HADS-anxiety score or 

HADS-depression score between patients with and without cough-evoked 

pain. A possibility is that our sample size was too small to detect differences 

or that the way we tested for anxiety (HADS questionnaire) may not be 

sensitive enough.  

Our study sample size is small. Due to the COVID pandemic and its impact on 

clinical activity and access to patients for clinical research, we were able to 

recruit fewer patients in this period (2020-2021) of the study. Moreover, 

during the last period of our study, other clinical studies recruited patients of 

the same population, which probably reduced the number of patients 

available for our study as well. Finally, a significant number of recruited 
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patients (N=9, 22%) did not tolerate the entire MFS procedure and, 

therefore, dropped out. To reduce the drop-out rate as a result of MFS, one 

might consider lowering the stimulation intensity or using the high-frequency 

stimulation (HFS) protocol, in which only five trains are delivered80. It would 

also be interesting to investigate whether the same result will be obtained if 

MFS-induced hyperalgesia is assessed not on the day before surgery but, for 

example, a week before. This would reduce the discomfort patients may 

experience from MFS on the day before surgery. The small sample size 

limited the number of predictors we could include in the regression models. 

In the literature, the rule of ten events per variable is often advised, although 

there seems to be no statistical justification for this recommendation333, 334. 

Despite the small sample size, we found the extent of MFS-induced 

secondary mechanical hyperalgesia to be a statistically significant predictor. 

Nevertheless, these results need to be validated in a larger sample.  

 

V.5. Conclusion 

 

Our findings indicate that the individual susceptibility to developing 

experimentally-induced secondary mechanical hyperalgesia preoperatively 

may identify patients who are potentially vulnerable to the development of 

persistent post-thoracotomy pain. The ability to preoperatively identify 

patients at risk for developing persistent post-thoracotomy pain using a 

simple assessment of secondary mechanical hyperalgesia would be clinically 

helpful. It would allow targeted prevention measures that may reduce the 

incidence of persistent post-thoracotomy pain. 
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VI. Chapter 6. Discussion and perspectives 

 

This thesis explored four empirical chapters, each investigating a different 

facet of central sensitization. The objective was to investigate methods for 

effectively inducing (Chapter 2), assessing (Chapter 3), and modulating 

(Chapter 4) central sensitization in humans through electrical skin 

stimulation, as well as to evaluate its potential clinical applications (Chapter 

5). 

VI.1.  Induction of central sensitization through electrical stimulation  

 

The objective of Chapter 2 was to investigate ways to improve the HFS 

protocol to experimentally induce central sensitization in experimental and 

clinical studies. 

In the first experiment, we investigated whether the increase in secondary 

mechanical hyperalgesia depended on non-charge-compensated pulses 

(monophasic), which could lead to cumulative depolarization of the 

membrane potential. In this experiment, we found no differences between 

non-charge- compensated and charge compensated (biphasic) HFS pulses in 

the development of secondary mechanical hyperalgesia. 

In the second experiment, we investigated whether HFS frequency influences 

the development of secondary mechanical hyperalgesia. We found that 

depending on the frequency of stimulation, electrical stimulation induces a 

stronger or weaker secondary mechanical hyperalgesia.  
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Medium-frequency stimulation (42 Hz) induced the most robust secondary 

mechanical hyperalgesia compared to lower (5 Hz, 20 Hz) and higher (100 Hz) 

frequencies.  

In the third experiment of this Chapter, we compared the effects of burst-

like and continuous stimulation patterns on the development of secondary 

mechanical hyperalgesia. The findings indicate that burst-like stimulation 

induces more efficiently secondary hyperalgesia. 

 

VI.1.1. Conditioning stimulation delivered using charge-

compensated vs non-charge-compensated pulses 

 

Monophasic electrical pulses deliver electrical current in a single direction, 

leading to a continuous flow of ions in one direction across the tissue, which 

can cause accumulation of charge at the electrode-tissue interface. This can 

lead to cumulative depolarization of the cell membrane that may exceed the 

physiological threshold, leading to excessive calcium influx, activation of 

destructive enzymes, and potential cell death. The toxic substances released 

can damage surrounding tissues251.  In contrast, biphasic pulses alternate the 

direction of current flow, which reduce the likelihood of charge accumulation 

and electrolysis335. Indeed, by rapidly reversing the current direction, 

biphasic pulses minimize the amplitude of depolarization, helping to 

maintain the physiological integrity of cells335, 336.  

The lack of significant differences in the increase of pinprick sensitivity 

between charge-compensated and non-charge-compensated pulses 
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suggests that cumulative depolarization is not the primary driver of 

experimentally induced secondary hyperalgesia. Studies in animals have 

demonstrated that for stimulations using a single pulse with identical current 

intensity, the average amplitude of the evoked population spike (OPS) 

generated by a monophasic pulse is not significantly different from that 

produced by a biphasic pulse336. However, precise quantification of this 

phenomenon remains notably challenging, especially in human populations.  

To break it down, for studies involving humans we recommend charge- 

compensated electrical pulses to induce central sensitization. This method is 

safer as it minimizes the risk of tissue damage. Furthermore, when 

comparing different stimulation frequencies, minimizing cumulative effects 

from monophasic high- frequency stimulation (with short inter-pulse 

intervals) is essential to ensure that any observed increase in pinprick 

hypersensitivity at higher frequencies is not solely attributable to this 

cumulative phenomenon. 

 

VI.1.2. Frequency and pattern of conditioning stimulation 

 

In the 2000s, Chul Han et al. demonstrated that stimulation frequencies 

around 10 Hz closely mimic the firing patterns observed in conditions of 

inflammatory and neuropathic pain in rodents. Their findings suggested a 

strong correlation between the intensity of ectopic discharges and behavioral 

outcomes in a rat model of neuropathic pain337. Another study showed that 

in the context of inflammatory pain in vitro, C-fibers showed ectopic 

discharges with a mean discharge rate of 0.38 Hz338.  
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However, a fixed frequency of C-fibers discharge was not confirmed by Serra 

et al. (2012), who observed in both patients and rodents that nociceptors 

exhibit spontaneous activity that often appears sporadic, leading to “saw-

tooth” shaped latency profiles that are irregular. Moreover, they were 

unable to identify a relationship between clinical pain levels and spontaneous 

activity339. A comparable conclusion was made by Xiao and Bennett (2009), 

who observed distinctly irregular firing patterns in a rodent model of 

neuropathic pain340. Given these different findings across studies, it is 

challenging to replicate the exact discharge frequency of C-fibers in healthy 

volunteer models using HFS. The sporadic and irregular nature of C-fiber 

activity observed in pathological conditions is difficult to mimic in controlled 

experimental settings. Moreover, this is not clear if this spontaneous activity 

is either continuous or a burst-like pattern, or a combination of both341, 342.  

However, one known feature that can be reliably induced with HFS in these 

models is secondary mechanical hyperalgesia, which has consistently served 

as a proxy for investigating central sensitization in controlled experimental 

conditions. Importantly, our study did not aim to replicate the neuropathic 

firing rates of nociceptive fibers. Instead, we focused on using electrical 

stimulation to induce central sensitization as a model to study the potential 

underlying mechanisms of persistent pain. This approach allows for a focused 

assessment of central sensitization independently of the complex and 

variable patterns of nociceptor activity observed in pathological states, 

providing a controlled framework for exploring its contribution to chronic 

pain.  
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The frequencies selected (5, 20, 42, and 100 Hz) were based on the findings 

of Go and Yaksh (1986), who demonstrated that substance P release peaks 

between 20 and 50 Hz, compared to both lower frequencies (e.g., 2, 5, and 

10 Hz) and higher frequencies (e.g., 200 Hz)255 . Our objective was to evaluate 

a range of frequencies under standardized conditions, using the same 

stimulation pattern (burst-like stimulations of 1 second separated by 9 

seconds) and the same total number of pulses (500). Instead of including 2 

Hz as a low-frequency condition, we chose 5 Hz because achieving 500 pulses 

at 2 Hz burst-like stimulation would have required a much longer protocol, 

with approximately 42 minutes of stimulation including 9-seconds intervals. 

With 5 Hz burst-like stimulation, the total duration was reduced to 17 

minutes, making it more practical while maintaining the study's objectives. 

For the medium frequency, we selected 42 Hz rather than 50 Hz because, 

although substance P release peaks within the 20–50 Hz range, the data 

suggested that release might plateau or even decrease around 50 Hz255.  

Nevertheless, we acknowledge that the range of frequencies tested in this 

study is limited. To gain a more precise characterization of the frequency-

response relationship and the development of secondary mechanical 

hyperalgesia, a broader range of stimulation frequencies should be explored 

in future studies. 

Unpublished experimental observations using 42 Hz in healthy volunteers 

revealed that the pain during the twelve MFS trains was much higher than 

with the other frequencies tested. Consequently, we opted for the standard 

100 Hz protocol in Chapter 5. The goal in this chapter was not to delve into 

the amount of secondary mechanical hyperalgesia, but to explore the brain's 



192 
 
 

 

evoked responses following the experimental induction of secondary 

mechanical hyperalgesia. Based on our observations and related literature, 

it is unlikely that the frequency would not have significantly altered our 

results.  

The clinical relevance in Chapter 5 of using MFS at 42 Hz was to induce a 

strong nociceptive input leading to the maximal amplification of secondary 

mechanical hyperalgesia, to closely mimic the intense character of the nerve 

stimulation experienced during surgery. 

In experiments that manipulate experimental conditions, selecting the 

'optimum' stimulation frequency is highly dependent on the specific protocol 

and the outcomes being measured. For instance, when investigating the 

placebo effect on central sensitization induced by electrical stimulation in a 

double-blind randomized design, it is important to allow for a margin by using 

a frequency that elicits a significant increase in pinprick sensitivity in the 

control group, thereby avoiding a floor effect in the placebo group. 

Conversely, when studying the nocebo effect, a frequency that induces a 

significant increase in pinprick sensitivity should be chosen, but it should not 

be too high, otherwise, it may result in a ceiling effect. 

 

VI.2. Assessing central sensitization through gamma-band oscillations 

 

The objective of Chapter 3 was to assess the changes in GBOs induced by 

robot-controlled pinprick stimuli, after the experimental induction of central 

sensitization with HFS. Such as in the study of van den Broeke et al. (2017), 
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we found that mechanical pinprick stimulation induced a strong post-

stimulus increase in high-frequency activity within the signal. After removing 

artifacts as described earlier, we did not find an increase of cortical GBOs 

post-stimulus after HFS. Visual inspection of the data showed that cortical 

GBOs were present in only eight out of twenty participants. It seems likely 

that the high-frequency activity observed after HFS (without artifact 

cleaning) reflects non-cortical sources. 

Our findings diverge from several studies that focused on the detection of 

GBOs related to various stimuli, such as nociceptive, visual or tactile147-149, 171. 

Such studies, which identify GBOs following a salient stimulus, suggest a 

significant relationship between GBOs and the perception of the stimulus.  

While cortical GBOs initially held promise as a potential biomarker candidate 

for nociception, their inherent variability across individuals and the 

challenges associated with their analysis make it unsuitable for a widespread 

use176, 283. As stated in a paper by Eldabe et al. (2022) : “For biomarkers to be 

clinically useful, they need to be specific, accessible, and also scalable”160. 

Consequently, there arises a pressing need to develop a biomarker that is 

more stable across individuals, comparatively easier to analyse, and in a 

latest step, readily accessible to practitioners.  

Prior to our study, van den Broeke and colleagues investigated the presence 

of GBOs, elicited by manually applied mechanical pinprick stimulation, 

before and after the experimental induction of mechanical hypersensitivity. 

Such as in the present study, they did not find consistent GBOs across 

participants neither an increase after HFS.  
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Conversely, they observed an increased activity in the electro-oculogram, 

indicating that the EEG recordings from the scalp could be significantly 

contaminated by muscle activity associated with eye movements161.  In our 

study, part of our analysis revealed that pinprick-evoked artifacts, which 

could be related to muscular activity, exhibited greater potential as a 

biomarker of central sensitization compared to GBOs, as they showed a 

consequent increase post- stimulus following HFS. 

The Facial Action Coding System (FACS) has shown that certain facial 

expressions (brow lowering, cheek raising, lid tightening, nose wrinkling and 

upper lip raising) are associated with experimental and clinical pain343, 344. 

More recently, two studies used electromyography (EMG) in this context, 

and their results were in line with the previous studies using the FACS, by 

showing that muscle activity around the eyes are also associated with pain345, 

346. However, FACS is limited to observing visible muscle movements and 

does not account for subtle changes in muscle tone. Additionally, it is a time-

consuming method that relies heavily on the subjective interpretation of the 

assessor347. In contrast, EMG offers the advantage of objectively detecting 

subtle facial muscle activity that may not be visible to an observer348, 349. To 

date, no study has investigated facial muscle activity measured via EMG as a 

potential marker of central sensitization. Based on our previous findings, it 

would be of interest to investigate facial EMG activity during robot- 

controlled pinprick stimulations following the experimental induction of 

central sensitization in healthy human volunteers. 
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VI.3.  Modulating central sensitization through descending pathways 

 

Chapter 4 aimed to determine whether negative expectations influence the 

development of secondary mechanical hyperalgesia. Our results revealed no 

significant differences between the nocebo group and the control group in 

the development of secondary mechanical hyperalgesia, expected pain from 

HFS, fear of HFS, or pain during HFS. This absence of effect could partly reflect 

the experimental setting, which may not fully replicate the level of anxiety 

typically observed in clinical contexts. Laboratory participants, often 

students, are generally less anxious as they voluntarily consent to participate, 

are aware of the controlled nature of the procedures, and are informed of 

the absence of significant risks. These conditions may make it more 

challenging to induce strong negative expectations or fear compared to 

clinical situations, where heightened anxiety is common due to uncertainty, 

vulnerability, or prior negative experiences with pain or surgery. While this 

remains speculative, one could question the ecological validity of laboratory 

paradigms for studying the nocebo effect in relation to central sensitization. 

Although the present study did not observe significant differences in HFS-

induced pain or secondary mechanical hyperalgesia between groups, the 

exploratory findings suggest a subtle association between expectations and 

pain perception. This is in line with evidence demonstrating that cognitive 

processes, such as attention and expectations, can modulate pain perception 

in healthy volunteers and in patients285, 350-353. Neuroimaging studies suggest 

that attention can influence pain-modulatory regions, which are involved to 

descending pain control354, 355. However, direct evidence linking attention to 

changes in the development of central sensitization is limited, with only one 



196 
 
 

 

study supporting this possibility356. Furthermore, studies using withdrawal 

reflexes as proxies for spinal processing have reported inconsistent findings, 

highlighting the difficulty of establishing attention’s role at the spinal level357, 

358. In 2022, Della Porta et al. found no significant differences in secondary 

mechanical hyperalgesia between the arm participants were instructed to 

focus their attention on (attended arm) and the arm they were instructed to 

ignore (unattended arm) during bilateral HFS, questioning whether selective 

attention can modulate secondary mechanical hyperalgesia359. Building on 

this, their 2024 study investigated the effects of cognitive load, and 

consistent with previous findings by Meyers et al. (2023) they found no 

evidence that engaging participants in a high-demand working memory task 

influenced the development of HFS-induced secondary mechanical 

hyperalgesia206-208. These results do not support earlier results which 

suggested that cognitive engagement or attentional focus might have a 

modulatory effect on central sensitization83, 360. Taken together, these 

observations emphasize the need for further research to better understand 

if cognitive factors interact with descending systems in modulating central 

sensitization. 

 

VI.4. Translational potential of preoperative experimentally-induced 

central sensitization 

 

This last chapter primarily aimed to evaluate an experimental model of 

central sensitization to predict surgery-induced central sensitization, 

specifically focusing on persistent postsurgical pain (PPSP). We examined 
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whether preoperative MFS- induced hyperalgesia could predict PPSP two 

months after surgery. Our logistic regression analysis supports this 

hypothesis. We also confirmed that surgically induced hyperalgesia was a 

predictor of PPSP and correlated with MFS-induced hyperalgesia. Moreover, 

while this phenomenon is recognized and has been demonstrated in previous 

studies, our findings confirm that the severity of acute postoperative pain 

also predicts PPSP. 

 

VI.4.1. Shared mechanisms between experimentally- and 

surgically-induced central sensitization 

 

The correlation between experimentally- and surgically- induced 

hyperalgesia suggest that central sensitization, whether induced 

experimentally or through a surgical procedure, likely shares common 

underlying mechanisms. In animal studies, the activation of NMDA receptors 

has been shown to play an important role in the development and 

maintenance of central sensitization, applicable in both experimental models 

and postsurgical contexts26, 31, 42, 243. Indeed, intense neural input triggers 

significant NMDA-mediated increase in intracellular calcium (Ca2+) within 

both second-order neurons and astrocytes. This calcium elevation provokes 

the release of BDNF and activates purinergic receptors on glial cells, 

facilitating various neurobiological responses responsible of central 

sensitization24, 269. In humans, we cannot directly establish the link between 

experimentally- and surgery-induced central sensitization, however 

Stubhaug et al. (1997) demonstrated that a low dose of ketamine, an NMDA 
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receptor antagonist, effectively reduces secondary mechanical hyperalgesia 

after surgery310. Taken together, it is reasonable to hypothesize that NMDA 

activation and the subsequent phosphorylation cascades represent common 

mechanisms underlying both experimentally- and surgically-induced central 

sensitization. 

Recognizing these shared mechanisms, researchers have turned to clinical 

tools to assess central sensitization in patient. The Central Sensitization 

Inventory (CSI) score has been evaluated to determine its potential as a 

predictor of PPSP361. However, consensus on its predictive value remains 

elusive, because despite various studies exploring the relationship between 

CSI scores and psychophysical measures of central sensitization, the findings 

have been inconsistent, leading to ongoing debate within the scientific 

community regarding its efficacy as a reliable predictive tool362-365. Further 

research is needed to clarify this relationship and establish standardized 

guidelines for using the CSI in monitoring psychological factors associated 

with central sensitization. 

 

VI.4.2. Practical strategies for preventing PPSP 

 

To mitigate the risk of PPSP, it is crucial to prioritize effective pain 

management strategies, especially for patients identified as “high-risk”236, 237. 

More and more research indicate that a multimodal approach can be 

particularly beneficial for these patients366, 367. Techniques such as nerve 

blocks, the administration of appropriate postoperative medications, 

addressing psychosocial factors, and incorporating physical rehabilitation 
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have all shown significant promise in reducing the incidence of PPSP238-240. By 

implementing diverse interventions, healthcare providers can better support 

their patients in achieving optimal postoperative outcomes. However, 

multimodal interventions are costly and time-consuming, making it difficult 

in clinical practice to provide them to all the patients operated361. Preventing 

a disease should be approached with targeted strategies, similar to those 

used for other well-known medical conditions. For instance, individuals at 

high risk for osteoporosis, can benefit from specific preventive treatments 

like calcium and vitamin D supplements or bisphosphonate medications368. 

Similarly, for pain it is impractical to provide these treatments to everyone, 

that is why it is essential to stratify patients to identify those who would most 

benefit from such preventive measures. Our findings, when replicated, may 

have important clinical implications because experimentally-induced central 

sensitization could help identify patients at risk for developing high-intensity 

postoperative pain. Patient stratification may also be important in allocating 

treatment resources to patients at risk and in identifying relevant groups of 

individuals to be included in trials of new analgesics369, 370. A study by Cook et 

al. (2014) showed that Phase II projects often failed due to a lack of 

confidence in selecting the correct patient population, in opposition to 

projects with well-defined patient stratification plans, that showed a higher 

likelihood of success371. Therefore, in clinical trials where patients are 

selected based on specific biomarkers, the probability of a positive outcome 

increases, as the treatment is more likely to target the underlying biological 

mechanisms of the disease in these patients372. More studies are required to 

evaluate the effectiveness of early postoperative multimodal interventions 

targeting patients who are identified as high risk for developing PPSP. 
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VII. General conclusion 

 

This thesis contributes to the edifice of research on central sensitization in 

humans, with notable contributions to the methodology of induction and the 

understanding of potential biomarkers. First, we developed an improved 

protocol for HFS that more effectively induces central sensitization in 

humans. Secondly, our investigation into GBOs revealed that they do not 

appear to be a suitable marker for central sensitization. This finding directs 

future research away from GBOs towards other potential biomarkers, such 

as pinprick-evoked muscular activity. Thirdly, inducing negative expectations 

in a controlled laboratory framework is challenging, as participants typically 

lack anxiety and vulnerability seen in clinical settings. This highlights the need 

for refined methodologies to better mimic real-world conditions and 

improve the ecological validity of laboratory studies. Finally, our clinical study 

has identified the preoperative assessment of MFS-induced secondary 

hyperalgesia as a promising predictive biomarker for persistent postsurgical 

pain. This discovery opens the research for better diagnostic tools and 

personalized treatment plans for patients at risk of developing chronic pain. 

More research is needed to bridge the gap between human and animal 

studies to further elucidate the underlying mechanisms of central 

sensitization and ultimately, improve the care of patients suffering from 

chronic pain. 
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