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Calculating pain sensation in neuropathies
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Aim. Evaluating pain sensation after C nociceptor activation with transdermal sinusoidal current wave stimulation 
protocol and skin biopsy.
Materials and methods. Healthy volunteers aged 20–30 years (17 females and 18 males) participated after having given 
their informed consent. Half‑sine wave pulses of 0.5 sec duration (1 Hz) were generated at intensities of 0.2 to 1 mA 
by a constant current stimulator. Apart from half‑sine wave stimulation, sine wave pulses of 60 sec duration (4 Hz) were 
generated at intensity of 0.2 mA also by the constant current stimulator (Digitimer Ltd, Welwyn Garden City, UK) 
controlled by DAPSYS 8 (www.dapsys.net). Moreover, we performed 3‑mm skin punch biopsies 10 cm above the lateral 
malleolus of the leg and in the middle of the volar side of the forearm to the volunteer’s group.
Results. Delivering transdermal sinusoidal half‑sine wave when trying to stimulate mechano‑sensitive C fibers, when 
the amplitude of the delivered wave is increased from 0.2 to 1 mA according to our protocol, pain sensation is also 
increased following the same scheme. If we observe a different scheme of activation in C fibers, this could be a sign  
of neuropathic pain. Considering the mechano‑insensitive C fibers of pain, when trying to stimulate them we expect 
increasing pain sensation and then familiarization, desensitization and reduction of pain sensation. As a result, if this 
scheme isn’t observed when sine wave is delivered transdermal with 1 min of duration, and we observe a different scheme, 
a C fiber neuropathy and neuropathic pain could be involved. Regarding the skin biopsies, a correlation between pain 
sensation of sine wave (delivered transdermal to stimulate mechano‑insensitive C fibers of pain on the forearm),  
and the nerve fiber density was observed. A correlation between the bifurcated fibers of the biopsy site and the pain 
sensation was observed when mechanosensitive and mechano‑insensitive fibers are stimulated, which needs further 
investigation. Also, a correlation between the remnant nerve fibers of subepidermal nerve plexus and mechano‑insensitive 
nerve fibers of pain is observed that also needs further investigation. 
Conclusion. Skin biopsy and transdermal electrical stimulation are very promising available tools of diagnosing C fiber 
neuropathies and assessing neuropathic pain.
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stimulation, skin biopsy

For citation: Soufla A., Schmelz M., Rukwied R., Kokotis P. Calculating pain sensation in neuropathies. Nervno‑myshechnye bolezni 
= Neuromuscular Diseases 2024;14(2):38–43. DOI: https://doi.org/10.17650/2222‑8721‑2024‑14‑2‑38‑43

Оценка болевой чувствительности при невропатиях
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Цель исследования – оценка болевых ощущений после активации C‑ноцицептора с помощью протокола 
трансдермальной синусоидальной стимуляции током и биопсии кожи.
Материалы и методы. В исследовании участвовали здоровые добровольцы в возрасте 20–30 лет (17 женщин и 18 муж‑
чин), подписавшие информированное согласие. Полусинусоидальные импульсы длительностью 0,5 с (1 Гц) генерировались 
при интенсивности от 0,2 до 1 мА с помощью стимулятора постоянного тока. Помимо стимуляции полусинусоидальными  
импульсами, также с помощью стимулятора постоянного тока (Digitimer Ltd, Уэлин‑Гарден‑Сити, Великобритания) под 
управлением системы DAPSYS 8 (www.dapsys.net) генерировались синусоидальные импульсы длительностью 60 с (4 Гц)  
с интенсивностью 0,2 мА. Кроме того, мы выполнили группе добровольцев 3‑миллиметровую пункционную биопсию кожи 
на 10 см выше латеральной лодыжки и в середине ладонной стороны предплечья.
Результаты. При подаче чрескожной синусоидальной полусинусоидальной волны для стимуляции механочувстви‑
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тельных C‑волокон при увеличении амплитуды волны от 0,2 до 1 мА по нашему протоколу по той же схеме усили‑
ваются и болевые ощущения. Если наблюдается другая схема активации С‑волокон, это может быть признаком 
нейропатической боли. При попытке стимуляции механонечувствительных С‑волокон болевой чувствительности 
мы ожидаем усиления болевых ощущений, а затем привыкания, десенсибилизации и снижения боли. Если эта 
схема не соблюдается при чрескожной подаче синусоидальной волны длительностью 1 мин, могут иметь место 
невропатия С‑волокон и нейропатическая боль. Что касается биопсии кожи, наблюдалась корреляция между бо‑
левым ощущением от синусоидальной волны (доставляемой чрескожно для стимуляции механонечувствительных 
С‑волокон болевой чувствительности на предплечье) и плотностью нервных волокон. При стимуляции механочув‑
ствительных и механонечувствительных волокон наблюдалась корреляция между раздвоенными волокнами места 
биопсии и болевым ощущением, что требует дальнейшего изучения. Кроме того, наблюдалась корреляция между 
остаточными нервными волокнами субэпидермального нервного сплетения и механонечувствительными нервными 
волокнами болевой чувствительности, что также требует дальнейшего изучения.
Выводы. Биопсия кожи и чрескожная электростимуляция являются весьма многообещающими доступными ин‑
струментами диагностики нейропатий С‑волокон и оценки нейропатической боли.

Ключевые слова: нейропатическая боль, болевая нейропатия, периферическая нейропатия, хроническая боль, 
нервные волокна, синусоидальная чрескожная стимуляция, биопсия кожи
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Background
Chronic pain disorders are characterized of malfunc-

tioning in one or several mechanisms underlying the noci-
ceptive function [1–3]. Pain sensation disorders are a special 
type of peripheral neuropathy that affects the sensory  
C fibers and autonomic nervous system fibers [4]. Conditions 
with chronic pain expression are diabetes mellitus, alcoho-
lism, amyloidosis, hereditary neuropathies; mononeuropa-
thies such as trigeminal or glossopharyngeal [5–9].

Nociceptors innervating superficial and deep somatic 
tissues are primary sensory neurons impacted by external 
and internal stimuli [10]. Based on their responsiveness  
to mechanical forces, heat, and exogenous irritant chemicals 
they have been classified into three main groups, mechano- 
nociceptors (responsive only to mechanical forces initially) 
polymodal nociceptors (responsive to mechanical or chemi-
cal stimuli), and silent nociceptors (Aδ or C fibers unre-
sponsive or with very high threshold to mechanical stimuli 
when it comes to sustained pressure or because  
of inflammation) [11]. 

In general, Aδ fibers are the first that respond to a stimu-
lus and they are responsible for the sharp pricking pain ex-
perienced when a punctuate mechanical stimulus is applied. 
In contrast, C polymodal nociceptor fibers initiate  
a persisting pain sensation [11]. It should be noted that un-
myelinated polymodal and silent C nociceptors have higher 
activation thresholds for rectangular pulses when compared 
to myelinated Aδ fibers. R. Jonas et al. indicated C nocicep-
tors could be stimulated without Aδ initial fiber activation 
with sinusoidal transdermal stimulation [12]. Thus, we fol-
lowed a transcutaneous half-sinusoidal stimulation paradigm 
for selective C mechanosensitive nociceptor activation and 
a sinusoidal one for mechano-insensitive C fiber activation, 
protocol, to healthy human volunteers.

Furthermore, skin biopsy enables the quantification  
of the intraepidermal nerve fibers, providing concrete evidence 
of small-fiber loss as well as assessing in general epidermal 
innervation. As a result, it is truly regarding as the most reliable 
tool for diagnosing small-fiber neuropathies [13–16]. We com-
pared the results of the half-sine protocol, as well as the sine 
protocol, with the skin biopsy results to assess the qualitative 
assessment of pain and small fiber loss. 

Aim of the study. Evaluating pain sensation after C no-
ciceptor activation with transdermal sinusoidal current wave 
stimulation protocol and skin biopsy.

Materials and methods
Subjects. In the experimental protocols 30 healthy vol-

unteers aged 20–30 years (17 females 18 males) recruited 
from November 2019 to March 2020 to the Laboratory  
of Fine Fibers at Aeginition Hospital in Athens, after having 
given their informed consent. All subjects were familiar with 
the principles of the method and the general intention  
of the study. All control subjects were healthy volunteers 
without history of diabetes mellitus, neuromuscular disor-
ders, or autonomic dysfunction and without any regular 
medication. Exclusion criteria were every disease connec ted 
to neuropathic pain that could possibly affect the research 
results such as angiitis, diabetes mellitus and polyneuro-
pathy. The study was approved by the local ethics committee 
in Attica (ethics committee of National and Kapodistrian 
University of Athens). The volunteers were comfortably 
seated on a reclining chair and their right arm or right foot 
was placed on the chair’s cushion with the volar side up.  
The limb was stabilized to keep it in the same relaxed posi-
tion during the whole experiment. The experiment was 
applied at the following sites: at the right upper extremity: 
to the volar forearm, to the thenar and to the index finger 
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to the base of distal phalanx, and then at the right lower 
extremity, to the biopsy site of the distal leg (10 cm above 
the external malleolus), to the foot dorsal, to the foot plan-
tar and to the base of the distal phalanx of the great toe. 
Experimental sessions lasted about one hour in total.

Electrical stimulation. Initially, half-sine wave pulses  
of 0.5 sec duration (1 Hz) were generated at intensities  
of 0.2 to 1 mA by a constant current stimulator (Digitimer Ltd, 
Welwyn Garden City, UK) controlled by DAPSYS 8  
(www.dapsys.net). Stimuli were delivered by a pair of L-shaped 
blunted bipolar platinum–iridium electrodes placed on a length 
of 3 mm onto the skin surface within the innervation territory 
of characterized C fibers. Then, amplitudes of 0.2, 0.4, 0.6, 
0.8, and 1 mA were applied with one repetition for each stim-
ulation intensity and interstimulus intervals of 10 seconds be-
tween the stimuli. After every stimulation, the subject was asked 
to assess the pain sensation.

Apart from half-sine wave stimulation, sine wave pulses 
of 60 sec duration (4 Hz) were generated at intensity  
of 0.2 mA also by the constant current stimulator (Digitimer 
Ltd, Welwyn Garden City, UK) controlled by DAPSYS 8 
(www.dapsys.net). Stimuli were delivered as above by a pair 
of L-shaped blunted bipolar platinum–iridium electrodes 
placed on a length of 3 mm onto the skin surface within 
the innervation territory of characterized C fibers. Each 15 sec, 
the subject was asked to assess pain sensation. 

Termination of participation. The participation of the sub-
jects at the research could be terminated any time and for 
many reasons such as, severe no compliance with the protocol 
as estimated by the researcher, intentional termination  
by the subject who has the right to cease at any time his 
participation to the research, induce of severe pain or situ-
ations that could interfere with the results of the research as 
estimated by the researcher always in regard with the local 
ethics protocol. Each subject that terminated his participa-
tion would always be asked for the reason, which would be 
noted, but nobody terminated the study. Nevertheless, nobody 
terminated the study, but only 19 (11 females and 8 males)  
of the participants accepted to undergo skin biopsy because 
of the invasive part of the procedure.

Psychophysics in healthy controls. The subjects were 
asked to rate the pain sensation induced by electrical sti -
muli on a numeric scale from 0 to 10 (NRS scale), in which 
the value of 0 should indicate no pain and 10 should  
be assigned to the maximum pain the subject have ever felt, 
and accordingly 1 should be the least pain.

As described above, half-sine wave pulses were delivered 
through transcutaneous bipolar electrodes at intensities  
of 0.2-, 0.4-, 0.8-, and 1-mA amplitude to the sites de-
scribed, to the skin of 16 male and 19 female healthy vol-
unteers (20–30 years old), and pain sensation was asked to 
be rated after every pulse during the interstimulus intervals. 
Then, during the sine wave pulse of 60 sec duration delivered 
through transcutaneous bipolar electrodes at intensity of 0.2 mA, 
also to the sites described, to the same subjects, pain sensa-
tion was asked to be rated every 15 sec.

Subjects were also asked to describe the quality  
and the nature of the sensation in their own terms.

Skin biopsy. Moreover, we performed 3-mm skin punch 
biopsies 10 cm above the lateral malleolus of the leg as de-
scribed earlier and in the middle of the volar side of the fore-
arm to the volunteer’s group. Biopsy specimens were con-
solidated with 4 % buffered paraformaldehyde. Then they 
were washed in phosphate buffer solution for 3 times with 
interval time of 10 min and subsequently stored in 10 % 
sucrose with 0.1 M phosphate buffer solution when finally, 
could be cryoprotected. 

Statistics. Statistical tests were performed  
in STATISTICA 7.0 (StatSoft Inc, Tulsa, OK). Responses 
to half-sine and sine waves were compared between the two 
genders by one-way analysis of variance (one way ANOVA). 
T-tests were used for analysis comparing the pain sensation 
that was induced between the sites, for the same amplitude.  
The IENFD was estimated according to the European Federation 
of Neurological Societies guidelines, as number of fibers pene-
trating the dermal–epidermal junction, expressed as fibers/mm. 
Then, the IENFD (fibers/mm) that was calculated with  
the biopsy was compared by one-way analysis of variance 
(ANOVA) with the pain sensation for the same sites that  
the subjects noted during the transdermal electrical stimulation.

Results
Psychophysics in healthy human subjects. Skin nociceptor 

activation was performed upon transcutaneous sine and half-sine 
wave stimuli in 35 human subjects and was quantified psycho-
physically. Pain sensation was found to be independent of sex  
(p >0.05, one way ANOVA) in both the sine and the half-sine 
wave stimuli, except from the thenar site, where p = 0.03 (<0.05) 
for the half-sine wave stimulation (fig. 1). 

Fig. 1. Intension–response relations. The zero is for the group of women, while 
the 1 is for the group of men. We observe that increasing the intensity  
of the transcutaneous stimulation, the pain sensation is also increased

Рис. 1. Взаимосвязь между интенсивностью стимуляции и ответом. 
Ноль соответствует группе женщин, 1 – группе мужчин. С увеличением 
интенсивности чрескожной стимуляции усиливаются и болевые 
ощущения

Wilks' lambda / лямбда Уилкса = 0.93985,  
F (5, 25) = 0.32001, p = 0.89619

Vertical bars denote 0.95 conficence intervals /  
Вертикальные линии обозначают  

0,95 доверительные интервалы 

Half-sine: biopsy site / 0.2 / 
Полусинусоидальная волна: место 
биопсии / 0,2
Half-sine: biopsy site / 0.4 / 
Полусинусоидальная волна: место 
биопсии / 0,4
Half-sine: biopsy site / 0.6 / 
Полусинусоидальная волна: место 
биопсии / 0,6
Half-sine: biopsy site / 0.8 / 
Полусинусоидальная волна: место 
биопсии / 0,8
Half-sine: biopsy site / 1 / 
Полусинусоидальная волна: место 
биопсии / 1

Gender / Пол
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Mechanosensitive nociceptors. Comparing the mean 
between the groups, using t-test for independent values, for 
the half-sine wave, it was shown that increasing the inten-
sity of the transcutaneous stimulation, the pain sensation 
increases as well (fig. 1). A statistically significant difference 
(p <0.05) was found between the intensity of the pain at the 
thenar and the intensity between all the other sites, and the 
pain on the thenar was found to be less than the other sites 
statistically comparing, especially in men, as we noticed 
with ANOVA and 2D scatterplot. Similarly, a statistically 
significant difference (p <0.05) was found between the values 
between the index and the toe. Most of the controls described 
the pain as “sharp” and “pricking” pain sensation.

Mechano-insensitive nociceptors. Comparing the mean 
between the groups by using t-test for independent samples,  
for the sine wave stimulation with 1 min duration, there was 
found a gradually reduction to the pain sensation with the pas-
sage of time. Statistically significant differences were found  
in the following points: the intensity of pain at the index site was 
found to have a statistically significant difference with the in-
tensity of pain on   the forearm and index (p <0.05), throughout 
the recording time of 15, 30, 45 and 60 sec, because the mo- 
del of desensitization, and reduction of pain is not observed 
at the index site. Also, at the index area at 45 sec, the difference 
in pain intensity was found to be statistically significant (p <0.05) 
compared to the forearm area, with NRS 2 ± 1 higher pain 
values in the index. 

In addition, at 60 sec there is a statistically significant 
difference between the pain on the biopsy site and the dor-
sal surface of the foot. Finally, at 15 sec there is a statistical-
ly significant difference between the intensity of the pain  
at the toe and the dorsal surface of the foot. 

Therefore, peripherally in the upper extremity, we ob-
serve a greater sensation of pain at the same intensity  
of stimulation compared to both centrally with the upper 
extremity and peripherally with the lower extremity.

Then, we searched if there is statistically significant  
(p <0.05) correlation (correlation dialog) between the pain 
sensation to each site, which was found statistically signifi-
cant at the maximum amplitude of 1 mA of the half-sine 
wave stimuli when comparing the pain sensation between 
each site, which was found statistically significant between 
the sites. 

Time course. Moreover, regarding the sine wave stimu-
lation, when comparing the correlation (correlation dialog) 
for the same chronical moment, there was found statistical-
ly significant correlation (moderate positive correlation) 
between the pain sensation except from the following cases. 
Comparing the intensity of pain in the forearm with the area 
of the thenar around 15 sec, no statistically significant cor-
relation (p >0.05) was found between the ratings   of pain 
intensity (fig. 2). In fact, the volunteer’s ratings are more 
sensitive with NRS levels around 4 ± 1 compared to the pain 
at the thenar site. In addition, no statistically significant corre-
lation (p >0.05) was found between the pain in the thenar  

and the biopsy site after the first 15 sec, as the volunteers showed 
greater sensitivity and pain intensity at the biopsy site  
with levels of NRS scale 3 ± 1 higher than   the thenar, while also 
no statistically significant correlation (p >0.05) was found 
between the biopsy site and the toe for 15 and 30 sec, as at the 
biopsy site is more sensitive in relation to the toe (fig. 2). 
Finally, comparing the sensation of pain between the index 
and the toe, no statistically significant correlation was found 
(p >0.05) for 15 and 60 sec, as higher pain intensity appears 
at the index with levels NRS 2 ± 1 than the toe.

Skin biopsy. We compared the pain ratings of the skin 
punch biopsy sites of the volunteers (to the middle of fore-
arm and 10 cm above the lateral malleolus) with the IENFD 
(fibers/mm), ratio REM (ratio of remnants of subepidermal 
nerve plexus) and ratio BIF (ratio of bifurcation of nerve 
fibers) when searching for a correlation between them, using 
correlation dialog.

There were found no differences between the two genders. 
There was found a statistically significant correlation p = 0.048 
concerning the pain rating to the forearm and the biopsy results, 
between the IENFD Arm and the forearm pain rating with sine 
wave stimulation around 60 sec. There wasn’t any correlation 
between the IENFD Foot at the biopsy site and the pain 
rating at the same site.

Also, the ratio Rem and the pain rating to the forearm 
around 45 and 60 sec was statistically significantly correlated 
with p = 0.004 and p = 0.002 correspondingly. Concerning 
the biopsy site there was found a correlation between  
the ratio BIF and the rating with half-sine stimulation  
at the amplitude of 0.4 mA (p = 0.002), and with sine wave 
stimulation around 45 sec of stimulation (p = 0.04).

Fig. 2. Time course. Comparing for the site of skin biopsy again the pain 
sensation for 1 min: 0 – for women; 1 – for men. Using t-test for independent 
samples, for the sine wave stimulation with 1 min duration, there was found  
a gradually reduction to the pain sensation with the passage of time

Рис. 2. Динамика болевых ощущений в месте биопсии кожи в течение 
1 мин: 0 – у женщин; 1 – у мужчин. С использованием t-теста  
для независимых выборок для синусоидальной стимуляции длительностью 
1 мин было отмечено постепенное снижение болевых ощущений  
с течением времени

Wilks' lambda / лямбда Уилкса = 0.86098,  
F (4, 26) = 1.0495, p = 0.40105

Vertical bars denote 0.95 conficence intervals / 
Вертикальные линии обозначают  

0,95 доверительные интервалы 

Half-sine: biopsy site / 0.2 / 
Полусинусоидальная волна: место 
биопсии / 0,2
Half-sine: biopsy site / 0.4 / 
Полусинусоидальная волна: место 
биопсии / 0,4
Half-sine: biopsy site / 0.6 / 
Полусинусоидальная волна: место 
биопсии / 0,6
Half-sine: biopsy site / 0.8 / 
Полусинусоидальная волна: место 
биопсии / 0,8
Half-sine: biopsy site / 1 / 
Полусинусоидальная волна: место 
биопсии / 1

Gender / Пол
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Discussion
We demonstrated that delivering transdermal sinusoidal 

half-sine wave when trying to stimulate mechano-sensitive 
C fibers, when the amplitude of the delivered wave is in-
creased from 0.2 to 1 mA considering our protocol, pain 
sensation is also increased following the same scheme. Con-
sequently, if we deliver half-sine wave transdermal stimula-
tion, we expect to observe the same scheme of activation  
of mechanosensitive nerve fibers. If we observe a different 
scheme of activation in C fibers, may be a sign of neuropa thic 
pain. Also, if the character of pain is as expected “sharp”  
or “pricking” C fiber neuropathies should be searched. 

Also, concerning the mechano-insensitive C fibers  
of pain, when trying to stimulate them we expect increasing 
pain sensation and then familiarization, desensitization and 
reduction of pain sensation. As a result, if this scheme isn’t 
observed when sine wave is delivered transdermal with 1 min 
of duration, and we observe a different scheme there may  
be a involved a C fiber neuropathy and neuropathic pain.

Concerning the skin biopsies, a correlation between pain 
sensation, of sine wave (delivered transdermal to stimulate 
mechano-insensitive C fibers of pain on the forearm), was 
observed and the nerve fiber density. A correlation between 
the bifurcated fibers of the biopsy site and the pain sensation 
was observed when mechanosensitive and mechano-insen-
sitive fibers are stimulated, which needs further investigation. 
Also, a correlation between the remnant nerve fibers of sub-
epidermal nerve plexus and mechano-insensitive nerve fibers 
of pain is observed that also needs further investigation. 

The numeric scale from 0 to 10 (NRS scale) is a quali-
tative way of measuring neuropathic pain on neuropathies [17]. 
NRS scale has shown high correlation as a pain-assessment 
tools in several studies and its feasibility compliance have also 
been proven [18, 19]. As a result, this quantitative sensory test 
for functional assessment of nerve-fiber density is a tool to di-
agnose and quantify small fiber neuropathy [12, 20]. It has been 
reported before that axonal hyperexcitability may contribute 
to neuropathic pain in a subpopulation of patients with neuro-
pathy and assessing axonal excitability with transdermal wave 
stimulation might be a clinically useful marker to identify sub-
groups of patients with painful small fiber neuropathy [12].  
The transdermal electrical stimulation proposes a new  
way of estimating pain as, it’s a more tangible test. Even  
if the number of the sample can’t lead us to remarkable 
conclusions, this test can be used for assessing the efficacy 
of neuropathic medical treatment on diagnosed neuropa-
thies and can be a supplementary test on diagnosing neu-
ropathies. 

Conclusion
In conclusion, skin biopsy and transdermal electrical 

stimulation are very promising available tools of diagnosing 
C fiber neuropathies and assessing neuropathic pain. Even 
if the number of the sample can’t lead to remarkable con-
clusions, this neuropsychological test is a very promising 
method on assessing neuropathic pain on diagnosed neu-
ropathies. It can be a method of measuring the efficacy  
of prescribed drugs on neuropathies medical treatment.
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