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Abstract 

Neuropathic pain, arising from lesions of the somatosensory nervous system, presents with diverse symptoms includ-
ing ongoing pain, paroxysmal pain, and provoked pain, usually accompanied by sensory deficits. Understanding 
the pathophysiological mechanisms behind these symptoms is crucial for targeted treatment strategies. Neurophysi-
ological techniques such as nerve conduction studies, reflexes, and evoked potentials help elucidate these mecha-
nisms by assessing large myelinated non-nociceptive fibres and small nociceptive fibres. This argumentative review 
highlights the importance of tailored neurophysiological assessments for improving our understanding of the patho-
physiological mechanisms behind neuropathic pain symptoms.
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Introduction
Neuropathic pain is caused by a lesion or disease of the 
somatosensory nervous system (https://​www.​iasp-​pain.​
org/​Educa​tion/​Conte​nt.​aspx?​ItemN​umber=​1698#​Neuro​
pathi​cpain), either in the peripheral or central nervous 
system. It commonly manifests with a complex combina-
tion of distinct symptoms and signs, defined as sensory 
profile [7]. The more frequent symptoms include ongo-
ing pain (burning, squeezing, pressure), paroxysmal pain 
(electric shocks, stabbing), and provoked pain (brush-
evoked, pressure-evoked, cold-evoked, hyperalgesia) 
[4] (Fig.1), commonly associated with positive symp-
toms (paraesthesia) and negative signs (hypoesthesia, 
hypoalgesia).

Exemplary conditions of neuropathic pain include pos-
therpetic neuralgia, trigeminal neuralgia, painful periph-
eral neuropathies, and central post-stroke pain.

Several clinical and neurophysiological observations 
suggest that the different symptoms of neuropathic pain 
arise through distinct pathophysiological mechanisms 
[72]. These mechanisms do not depend on the aetiology 
of the disease, as the same mechanism can be found in 
different diseases. The peculiarity of the pathophysiologi-
cal mechanisms behind the different neuropathic pain 
symptoms suggests that distinct therapies are needed for 
the treatment of neuropathic pain, targeting the specific 
pathophysiological mechanism. This underscores the 
importance of identifying underlying pain mechanisms 
in patients suffering from neuropathic pain to provide a 
more effective and specific mechanism-based treatment 
approach [7]. As an example, previous studies found that 
the sodium channel blocker oxcarbazepine was more 
effective in patients with the ‘irritable nociceptor’ phe-
notype, characterized by hypersensitivity to stimuli and 
preserved small-fibre function [21]. Conversely, patients 
with allodynia responded better to botulinum toxin A, 
and fewer thermal deficits were associated with greater 
treatment efficacy [5].
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Various neurophysiological methods have been devel-
oped to investigate large-myelinated non nociceptive 
fibres and small nociceptive fibres in patients with neu-
ropathic pain [29]. The most commonly used neurophysi-
ological tools today include standard neurophysiological 
techniques, microneurography, nociceptive reflexes, and 
nociceptive evoked potentials (Fig. 2).

In this argumentative text, we will show how these 
neurophysiological tools provide important information 
about the pathophysiological mechanisms underlying 
specific neuropathic pain symptoms.

Neurophysiological techniques exploring large‑myelinated 
fibres
Standard neurophysiological techniques, such as nerve 
conduction study (NCS) (Fig.  2A) and somatosensory 
evoked potentials (SEPs) (Fig.  2B), represent the ref-
erence standard techniques for investigating patients 
with peripheral and central nervous system diseases 
[16]. These techniques explore non-nociceptive system, 
namely large myelinated Aβ fibres in the peripheral 
nervous system, and in the dorsal column–medial lem-
niscus system at central level. NCS allows the assess-
ment of amplitude and latency of nerve action potential 
and the conduction velocity of a peripheral nerve. It 
allows the diagnosis of both axonal and demyelinating 

peripheral neuropathies. SEPs reflect the electrical 
potentials generated in sensory pathways at peripheral, 
spinal, supraspinal, and cortical levels. Short-latency 
responses occur within the first 50 ms following a brief 
stimulus. Late responses, including middle and long-
latency SEPs, also occur but have a broader range of 
normal variability, making them less practical for clini-
cal use (for a detailed description of the different com-
ponents, see [56].

The cervical spinal component N13 requires special 
consideration. It is mediated by non-nociceptive Aβ 
fibres, elicited by suprathreshold electrical stimula-
tion of the median or ulnar nerve, and best recorded 
on the C6 spinous process referenced at the glottis 
[22]. Thanks to its peculiar features and its similari-
ties with animals’ spinal potentials, suggesting a pos-
sible involvement of wide dynamic range neurons as a 
generator [8, 34], in recent times, the N13 has aroused 
interest as a possible readout of dorsal horn excitability 
changes occurring during central sensitization. Semi-
nal papers proved the ability of this spinal component 
in detecting dorsal horn excitability induced by human 
models of secondary hyperalgesia [26, 48].

At trigeminal level, where standard neurophysiologi-
cal techniques cannot be performed, trigeminal reflexes 
are commonly used (Fig.  2C). These reflexes, namely 

Fig. 1  Symptoms of neuropathic pain (created with biorender)
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the blink reflex after stimulation of large myelinated 
fibres of the supraorbital nerve and the masseter inhibi-
tory reflex after stimulation of large myelinated fibres 
of the infraorbital and mental nerves, allow the study of 
non-nociceptive trigeminal pathway [17].

Because most clinical and experimental studies 
showed that neuropathic pain is mainly related to 
nociceptive system damage, current knowledge postu-
lates that the neurophysiological assessment of large 
non-nociceptive afferent fibres does not contribute to 
the diagnosis of neuropathic pain [30]. However, these 
standard techniques are still useful to demonstrate, 
locate, and quantify damage along the peripheral and 
central somatosensory system in patients with sus-
pected neuropathic pain, given that most peripheral 
and central nervous system diseases manifesting with 
pain homogenously affect both non-nociceptive large-
fibres and nociceptive small fibres [32].

Neurophysiological techniques exploring small fibres
Microneurography is an invasive method to record action 
potentials from single afferent fibres in awake humans, 
by inserting needle electrodes into an accessible nerve 

(Fig. 2D). Though it could have the potential of disclosing 
abnormalities in small fibres functioning, it is considered 
an experimental tool, and its application in clinical prac-
tice is very limited [65].

The RIII flexion reflex (Fig.  2F), mediated by Aδ 
fibres, is elicited by electrical stimulation of a peripheral 
nerve, causing subclinical limb withdrawal at the spi-
nal level [53]. While it can be evoked in both upper and 
lower limbs, most studies focus on the lower limbs due 
to simplicity and non-invasiveness. Typically, the sural 
nerve is stimulated with a train of five electrical pulses 
(0.1  ms each, 200  Hz), and EMG activity is recorded 
from the ipsilateral biceps femoris muscle [60, 81]. The 
reflex threshold closely correlates with the subjective 
pain threshold and serves as an objective measure in 
pain research at both spinal and supraspinal levels [61]. 
Recent reviews of the literature underlie its usefulness as 
a readout of spinal excitability [50].

During the last years, different evoked potential tech-
niques for selective investigation of the nociceptive sys-
tem have been devised [47]. Electrical stimulation of 
the intraepidermal nerve fibres has been proposed [28, 
38], for the selective assessment of nociceptive system. 

Fig. 2  Neurophysiological diagnostic tools for investigating neuropathic pain mechanisms. A Nerve conduction study for the assessment 
of large myelinated Aβ fibres. B Somatosensory evoked potentials for the assessment of large myelinated Aβ fibres and dorsal column–medial 
lemniscus system at central level. C Trigeminal reflexes for the assessment of large myelinated Aβ fibres at trigeminal level. D Microneurography 
for the assessment of small myelinated Aδ and unmyelinated C fibres. E Laser evoked potentials for the assessment of small myelinated Aδ 
and unmyelinated C fibres. F RIII nociceptive flexion reflex for the assessment of small myelinated Aδ fibres. G Thermal evoked potentials 
for the assessment of small myelinated Aδ and unmyelinated C fibres. H Nociceptive evoked potentials through micropatterned surface electrode 
for the assessment of small myelinated Aδ fibres
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There are different techniques devised for electrical 
stimulation and several authors have reported on their 
utility by showing reduced evoked potential ampli-
tude in patients suffering from pain in comparison to 
healthy subjects [55, 77]. The specific device employed 
for electrical stimulation, however, may determine 
specificity. While the nociceptive specificity of the sur-
face concentric electrode has been challenged [44, 59], 
intra-epidermal electrodes as well as micropatterned 
surface electrodes (Fig.2H) [28] were recently shown 
to have similar latencies as laser-evoked potentials in 
intra-cortical human recordings [36].

The most widely agreed techniques for the selective 
investigation of nociceptive system rely on radiant or 
contact heat stimuli (Fig.  2E–G), which selectively acti-
vate nociceptors, giving rise to laser evoked potentials 
and contact-heat evoked potentials [35, 73]. Laser and 
contact heat stimulation selectively activates Aδ and C 
nociceptors in the most superficial skin layers and evoked 
large amplitude scalp potentials. Although laser and con-
tact heat stimuli activate both Aδ and C fibres, scalp 
potentials related to C-fibre activation can be obtained 
only with dedicated techniques that have not yet been 
standardised for clinical application [54]. Hence, the 
commonly studied LEPs are those related to Aδ-fibres 
activation. The scalp potentials related to contact-heat 
and laser stimulation consist of a lateralized component 
(N1), likely generated in the SII area and in the insular 
cortex bilaterally, and a vertex potential consisting of a 
N2–P2 complex [73]. Whereas the N2-LEP component 
probably reflects neuronal activity in anterior-mid insula 
and possibly the anterior cingulate cortex, the P2-LEP 
originates from the anterior cingulated cortex alone [31].

In peripheral and central nervous system diseases 
associated with nociceptive system damage, LEPs can 
be absent, reduced in amplitude, or delayed in latency. 
Although LEP recording is the most widely accepted 
method for investigating nociceptive fibres in patients 
with neuropathic pain, only a few studies have systemati-
cally evaluated the diagnostic accuracy of this technique 
(Truini et al., 2023 [68]). An additional limitation of LEP 
recordings is the influence of attention on the vertex 
N2-P2 complex, which may affect its diagnostic yield in 
identifying nociceptive system damage [69]).

The recent introduction of a novel device for the activa-
tion of cold receptors with very steep cooling ramps [20] 
has allowed the clinical assessment of patients complain-
ing of cold pain (Fig. 2G). The technique consists of the 
cooling of the skin via a contact probe with a flat surface 
area of 160 mm2made up of 16 embedded micro-Peltier 
elements. The stimulation cools the skin with ramps of 
up to − 300 °C/s and allows the recording of scalp evoked 

potentials: a vertex component (N2-P2) and a lateralized 
component (N1) [49].

Each method for generating thermo-nociceptive 
evoked potentials has its pros and cons; all of them allow 
for a reproducible evaluation of the peripheral and cen-
tral thermos-nociceptive pathway [78].

Ongoing burning pain
In clinical practice, patients with neuropathic pain report 
ongoing burning pain in 65% of cases [4], variably associ-
ated with sensory loss such as thermal-pain hypoesthesia.

Previous studies have demonstrated that in patients 
with neuropathic pain due to peripheral and central 
nervous system diseases (such as postherpetic neural-
gia, carpal tunnel syndrome, polyneuropathy, and mul-
tiple sclerosis), the severity of ongoing burning pain is 
inversely related to the amplitude of laser-evoked poten-
tials [64, 70, 71, 75]. Although in some instances this 
relationship is only an indirect finding, it unquestionably 
indicates that ongoing burning pain is strongly associated 
with damage to the nociceptive system.

In certain conditions like postherpetic neuralgia and 
multiple sclerosis, burning pain is thought to result from 
a deafferentation mechanism [71, 76]. For instance, in 
patients with postherpetic neuralgia experiencing burn-
ing pain and severe sensory deficits, where dorsal root 
ganglion loss is assumed, the ongoing burning pain may 
originate from abnormal hyperactivity of second-order 
dorsal horn neurons deprived of primary afferent con-
nections [30]. Accordingly, animal studies have shown 
that following peripheral nerve lesions causing significant 
loss of unmyelinated primary afferent function, many 
dorsal horn cells begin to fire spontaneously at high fre-
quencies [52].

In multiple sclerosis patients, ongoing burning pain 
results from spinothalamic tract lesions, leading to deaf-
ferentation of thalamic nuclei [76]. Correspondingly, in 
rats, extracellular recordings from the ventro-posterolat-
eral thalamic nucleus after experimental spinothalamic 
tract lesions have shown spontaneous and abnormal 
hyperactivity of neurons [37, 80].

Conversely, in patients with length-dependent axonal 
neuropathy, ongoing burning pain likely involves differ-
ent pathophysiological mechanisms other than deaffer-
entation. Microneurographic recordings of C-fibres in 
these patients have shown that ongoing pain, including 
the burning type, is associated with abnormally sponta-
neous active C-fibres [41, 62]. Since selective intraneural 
stimulation of C-fibres evokes burning pain in normal 
humans, it is reasonable to assume that the spontaneous 
activity in patients with peripheral neuropathies suffering 
from neuropathic pain is responsible for ongoing burning 
pain. This ‘hyperactivity’ involving nociceptive primary 
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afferents is commonly referred to as peripheral sensitiza-
tion [7, 10, 14, 30].

Paroxysmal pain
In clinical practice, patients with neuropathic pain report 
paroxysmal pain in 57% of cases [4]. It is an intermittent 
pain that usually is not associated with any precursor and 
described as shooting, lancinating, jabbing or stabbing in 
nature.

Neurophysiological studies in animals support the 
involvement of large myelinated Aβ-fibre in paroxysmal 
pain. In models of peripheral neuropathy, large myeli-
nated Aβ fibres are identified as the axonal population 
where early and predominantly ectopic activity develops 
post-injury [79, 82].

In patients with paroxysmal electrical shock-like pains 
due to peripheral and CNS diseases show damage to non-
nociceptive large myelinated fibre pathways [74]. In cases 
of postherpetic neuralgia and carpal tunnel syndrome, 
this pain is linked to abnormalities in non-nociceptive 
Aβ-fibres [70,  71]. Specifically, the correlation between 
delayed blink reflex responses, slowed median-nerve sen-
sory conduction, and paroxysmal electrical shock-like 
pain indicates focal Aβ-fibre demyelination. In multiple 
sclerosis, Lhermitte’s phenomenon, a classic electrical 
shock-like sensation, is associated with dorsal column 
abnormalities in somatosensory evoked potentials, while 
spinothalamic-mediated LEPs remain unaffected (Truini 
et al., 2012 [76]). This suggests that Lhermitte’s phenom-
enon results from demyelination in non-nociceptive dor-
sal columns, leaving nociceptive spinothalamic pathways 
largely intact.

The link between electrical shock-like pain and large 
myelinated fibre demyelination is supported by findings 
that trigeminal neuralgia, a condition typically caus-
ing such pain, results from focal demyelination of large 
myelinated Aβ fibres [19]. In classic trigeminal neural-
gia (caused by vessels compressing the trigeminal root) 
and symptomatic trigeminal neuralgia (due to benign 
tumours compressing or stretching the root), mechani-
cal compression damages large myelinated fibres, leading 
to demyelination [24]. Experimental studies in animals 
and humans show that nerve compression injures large 
myelinated Aβ fibres while sparing small myelinated and 
unmyelinated fibres [57]. Symptomatic trigeminal neu-
ralgia from a pontine demyelinating plaque in multiple 
sclerosis also stems from primary afferent fibre demy-
elination [18]. Whether caused by multiple sclerosis or 
chronic compression from a blood vessel or tumour, Aβ 
fibre demyelination increases susceptibility to ectopic 
excitation and high-frequency discharges, resulting in 
paroxysmal pain [9].

More recently, the classic distinction, which posits that 
pain is exclusively conveyed by small-calibre Aδ and C 
fibres, has been questioned. A recent literature review 
has highlighted the existence of nociceptors in humans 
with very fast conducting afferents, within the conduc-
tion range of large diameter Aβ fibres [58]. These fibres 
could be directly involved in the genesis of paroxysmal 
pain.

Certain paroxysmal pains, such as the stabbing sen-
sations in brachial plexus lesions or the burning parox-
ysms in paroxysmal extreme pain disorder, likely involve 
nociceptive fibre damage [1, 63]. Paroxysmal pain in bra-
chial plexus avulsion responds to surgical lesions in the 
dorsal root entry zone, selectively damaging nociceptive 
second-order neurons while sparing dorsal columns [2]. 
Paroxysmal extreme pain disorder is caused by a gain-
of-function mutation in SCN9A, the gene encoding the 
Na(v)1.7 sodium channel found in nociceptive fibres, 
leading to abnormal activity and paroxysmal pain [11].

Therefore, while ongoing burning pain always involves 
nociceptive fibre damage, paroxysmal pain can result 
from damage to either nociceptive or non-nociceptive 
pathways. Specifically, electric shock-like sensations are 
often due to damage to Aβ fibres.

Provoked pain
In clinical practice, patients with neuropathic pain report 
provoked pain in 55% of cases [4].

Provoked pains are triggered by various stimuli. Hyper-
algesia refers to increased pain from stimuli that normally 
cause pain (e.g., pinprick), while ‘allodynia’ describes pain 
from typically non-painful stimuli. Warm and cold allo-
dynia refer to pain from mild temperature changes, and 
mechanical allodynia is termed ‘static’ if caused by slight 
pressure and ‘dynamic’ if caused by light moving touch. 
The most common type is dynamic mechanical allodynia, 
often experienced as pain from gentle brushing, affecting 
18–54% of patients with neuropathic pain [4].

Clinical examples include thoracic postherpetic neu-
ralgia patients feeling pain from shirt contact, peripheral 
neuropathy patients experiencing pain from bed sheet 
contact, and lateral medullary infarct patients reporting 
pain from light air currents on one side of the face [39].

Mechanical allodynia arises from lesions in pain path-
ways that cause central nociceptive neurons to respond 
to low-threshold Aβ afferents (Zimmermann, 2001 [83]). 
While both A- and C-fibres can develop abnormal sen-
sitization after nerve injury, myelinated Aβ fibres are 
primarily involved in human mechanical dynamic allo-
dynia [12]. Reaction times to allodynic stimuli do not 
match C-fibre conduction velocities, and differential 
nerve blocks show that allodynia disappears with the 
loss of Aβ-driven tactile sensation, while Aδ- and C-fibre 
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functions remain intact [45]. In patients with neuro-
pathic pain, blocking A-fibres eliminates allodynia but 
not ongoing burning pain from C-afferents [43].

A continuum between mechanical allodynia and non-
painful dysesthesia during progressive Aβ fibre block 
indicates that the intensity of the sensation depends on 
the number of Aβ mechanoreceptive fibres accessing 
central nociceptive systems [45]. Therefore, Aβ fibres are 
the main contributors to dynamic mechanical allodynia 
following peripheral lesions. Animal model results sup-
port this, showing that Aβ fibres are mainly responsible 
for ectopic response generation and their increased excit-
ability after nerve lesions correlates with allodynic-like 
behaviour development [25]. The activation of nocicep-
tive signals in the CNS is evident in the burning, pricking, 
or sore sensations of mechanical allodynia. Transcutane-
ous or intraneural stimuli can evoke burning pain and 
trigger nociceptive flexion reflexes, even at intensities 
that produce non-painful sensations in normal skin ([67]; 
Garcia Larrea and Mauguiere, 1990 [33]). Reaction times 
to allodynic stimuli (around 450 ms) suggest involvement 
of both rapid peripheral and slow central conducting 
fibres.

Nociceptive activation by Aβ fibres likely involves 
nociceptive-specific projecting neurons rather than 
wide-dynamic range (WDR) cells, as descending nox-
ious inhibitory controls, which inhibit WDR cells, do not 
affect mechanical allodynia [46]. Consequently, mechani-
cal allodynia requires at least partial functionality of 
the ascending spinothalamic system. Studies show that 
patients with partially preserved nociceptive pathway 
conduction, as indicated by LEPs, have a higher likeli-
hood of developing allodynia [72] zim.

Provoked pain is common complaint also in patients 
with central nervous system diseases. For instance, neu-
ropathic pain from thalamic lesions often includes cold 
allodynia, indicating damage to the cold sensory system 
[40]. The ‘thalamic disinhibition hypothesis’ [15] suggests 
that an imbalance between cold-afferent and thermal-
pain pathways causes this central post-stroke pain. A pre-
vious study showed that in a patient with cold-allodynia 
related to a thalamic lesion, cold evoked potential record-
ing disclosed the partial preservation of the nociceptive 
pathway in association with the impairment of the cold-
pathway, indirectly confirming the ‘thalamic disinhibition 
hypothesis’ [49].

Several chronic pain conditions are associated with 
diffuse hyperalgesia, i.e. increased responsiveness to 
pinprick stimuli. These conditions include fibromyal-
gia syndrome, complex regional pain syndrome type 1, 
‘nonspecific’ chronic low- back pain, whiplash syndrome, 
irritable bowel syndrome, painful bladder syndrome, and 
chronic migraine [3]. The diffuse hyperalgesia, a frequent 

finding in patients with chronic pain, is thought to be 
subtended by central sensitization, which in turn likely 
results from synaptic plasticity phenomena of synap-
tic strength long-term potentiation (LTP) in the central 
nervous system [42]. While the direct recording of cen-
tral nociceptive neurons in the spinal cord cannot be 
performed, some neurophysiological tools can be used 
to indirectly detect spinal hyperexcitability phenomena 
in humans, including the RIII reflex and the N13 compo-
nent of the somatosensory evoked potentials.

The RIII has been used to study the pathophysiology of 
clinical syndromes characterized by chronic pain, such as 
thalamic pain syndrome, migraine, and fibromyalgia. It 
has been found to be consistently hyperexcitable in pain-
ful conditions underlie by central sensitization, in terms 
of decreased reflex and pain thresholds ([6, 13, 23, 51]).

Previous studies on the N13-SEP component provided 
evidence for the involvement of wide dynamic range 
neurons in the generation of this measure [27] and its 
modulation by experimental pain models of central sen-
sitization [26, 48]. Though the ability of the N13 compo-
nent to detect spinal hyperexcitability is still in its infancy 
and primarily inferred from studies on healthy popula-
tions with experimental pain models, a previous paper 
on the neuroplastic changes related to cervical radicular 
pain described an increased N13 component from stimu-
lation of the painful side [66], suggesting that this compo-
nent might be an interesting readout of hyperalgesia.

Conclusions
Neuropathic pain arises from damage or disease affecting 
the somatosensory system. Dedicated neurophysiologi-
cal tools can provide important, complementary insights 
and help disentangle the pathophysiological mechanisms 
underlying various neuropathic pain symptoms. Identify-
ing these specific mechanisms may guide drug selection 
and significantly improve treatment success rates.
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