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Abstract
Background. Neuropathy affects 25% of people with diabetes mellitus. The evaluation of disease severity 
is still a challenge for modern medicine. Many screening instruments are based primarily on clinical criteria. 
There is a lack of a simple, reliable and precise scoring system that could improve the classification of neuropa-
thy and monitor disease progression using not only clinical criteria but also electroneurography. There is a need 
to find sensitive neurography parameters that reflect peripheral nerve impairments in this group of patients.

Objectives. This study aimed to create a scoring system for diabetic neuropathy, based on electroneurogra-
phy criteria, that reflects the natural course of the disease. A new scoring system will improve the treatment 
of patients with diabetes mellitus.

Materials and methods. A total of 113 patients with distal symmetrical polyneuropathy (DSPN) were 
involved in the study. Median, ulnar, sural, tibial, and peroneal nerves were examined. Parameters such 
as amplitude, conduction velocity, distal latency, and F wave latency were analyzed. The results of nerve 
conduction studies in the investigated group were compared to those of the control group, which consisted 
of 61 healthy volunteers.

Results. The most sensitive parameter of peripheral nerve impairment severity was a reduction of the sensory 
action potential amplitude in the peroneal nerve by 72.8% (p < 0.05). The observation of changes in sensory 
action potential amplitudes in the peroneal nerve is the most important element of our scoring system.

Conclusions. A new electroneurography scoring system of DSPN severity should be based on sensory and 
motor action potential amplitudes that reflect axonal loss in the examined nerves and the nature of the disease.
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Background

Neuropathy affects 25% of people with diabetes mel-
litus. This disease is the leading known cause of neuropa-
thy in developed countries and is implicated in 50–75% 
of nontraumatic amputations.1–4 Distal symmetrical poly-
neuropathy (DSPN) is  the most common presentation 
of the disease. A glove–stocking distribution of numb-
ness, sensory loss, dysesthesia, loss of reflexes, and night-
time pain are the most common symptoms.5,6 Ulcers, 
infections, as well as fractures of the knees, ankles or feet 
are the most common complications of the disease. Distal 
symmetrical polyneuropathy is associated with signifi-
cant morbidity and increased mortality. The most impor-
tant risk factor for developing DSPN in type 1 diabetes 
mellitus is  poor glycemic control.7–9 Pathophysiology 
of the disease remains elusive, but nerve biopsies from 
patients with diabetic neuropathy revealed degeneration 
of both myelinated and unmyelinated fibers.10–12 Periph-
eral nerve impairment in patients with diabetes mellitus 
may be connected to mitochondrial malfunction. This 
organelle is responsible for the production of energy. Its 
dysfunction is connected to the activation of the trypto-
phan–kynurenine metabolic system that has an impact 
on tryptophan metabolism.13–15 Tryptophan is an endog-
enous amino acid necessary for protein synthesis and 
a precursor to the synthesis of bioactive molecules, in-
cluding nicotinamide adenine dinucleotide.16 It undergoes 
transformations, leading to the formation of kynurenines, 
the role of which is to regulate the excitability of neurons 
as well as the response of immune cells.17 Kynurenine has 
a role in processing neurogenic inflammation by affecting 
glutamate receptors.18–20

In another study, the increased plasma levels of proin-
flammatory factors such as tumor necrosis factor alpha 
(TNF-α) and intercellular adhesion molecule 1 (ICAM-1) 
were connected to polyneuropathy incidence in diabetes 
patients.21 Metabolic changes induced by hyperglycemia 
lead to dysregulation of cytokine control. Another study re-
vealed that in patients with DSPN, interleukin (IL)-1, IL-6,  
leukemia inhibitory factor (LIF), ciliary neurotrophic fac-
tor (CNTF), and transforming growth factor beta (TGF-β) 
production is more intense than in healthy patients.22,23 
A study by Behse and Buchthal revealed that in the blood 
of patients with diabetic polyneuropathy, the levels of IL-10 
were lower than in healthy individuals.24 A clinical inves-
tigation of nerve biopsies in neuropathic patients revealed 
upregulated TNF-α expression in human Schwann cells.25

The diagnosis of DSPN is primarily clinical, and its 
most important part is the physical examination, includ-
ing neurologic testing. Nerve conduction studies (NCSs) 
play an important role in the diagnostic process, especially 
in patients with minimal or no objective symptoms, and 
are the most useful in patients with large fiber neuropa-
thy.26–29 Other forms of neuropathy that occur in diabetes 
mellitus include mononeuropathies, cranial neuropathies, 

plexopathies, radiculopathy, amyotrophy, autonomic neu-
ropathy, and small fiber neuropathy. Moreover, chronic 
inflammatory demyelinating neuropathy is more common 
in diabetic patients.30–32

Many screening instruments based mainly on clini-
cal criteria have been developed to evaluate the severity 
of diabetic neuropathy. Most of them are time-consuming 
and require a precise neurological examination. There 
is a lack of a simple, objective scoring system using electro-
neurographic parameters that could help monitor disease 
progression with the use of objective criteria, especially 
in patients in the initial stage of DSPN.33,34

Objectives

This study aimed to confirm the hypothesis that DSPN 
affects primarily sensory nerve fibers in the legs and leads 
mainly to axonal loss.35,36 Our study is an attempt to cre-
ate a simple scoring system with the use of objective pa-
rameters of nerve conduction that will reflect the natural 
course of the disease.37 We propose a simple, clear system 
of the classification of the severity of neuropathy that can 
be used by neurologists and other clinical practitioners 
to evaluate the severity of neuropathy and monitor disease 
progression in patients with DSPN.38

Materials and methods

This retrospective study investigated a group of 113 pa-
tients (53 females and 60 males) with DSPN due to dia-
betes mellitus. All patients in the investigated group were 
diagnosed at the Electromyography and Nerve Conduction 
Laboratory in Warsaw, Poland. The mean age in the group 
was 59.27 years (standard deviation (SD) ±13.66). Addi-
tionally, a control group of 61 healthy volunteers with 
a mean age of 41.70 (±18.37) years were included. The size 
of  the  study and control groups was estimated based 
on statistical methodology. Patients with alcohol addiction, 
post-oncologic treatment, kidney and thyroid diseases, and 
other potential causes of peripheral nerve impairments 
were excluded from the study. In all patients, a NCS was 
performed after 	 obtaining the approval of the Bioethical 
Committee of Military Institute of Medicine (approval 
No. 14/WIM/2021). The median, ulnar, sural, tibial, and 
peroneal nerves were examined. Parameters such as am-
plitude, conduction velocity, distal latency, and F wave 
latency were analyzed.

Sensory studies were performed antidromically. 
In the case of the ulnar nerve sensory action potential, 
the recording electrode was placed on the 5th finger, while 
for the median nerve, it was placed on the 2nd finger. 
The sural nerve was stimulated on  the posterolateral 
aspect of the lower third of the leg, and the distance be-
tween the recording electrode and the stimulating one 
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was approx. 14 cm. For ulnar nerve motor fibers, the re-
cording electrode was placed over the abductor digiti 
minimi muscle. In the case of median nerve motor fibers, 
the recording electrode was placed over the abductor 
pollicis brevis muscle. For the peroneal nerve, the record-
ing electrode was placed over the extensor digitorum 
brevis, whereas the abductor hallucis muscle was used 
for the placement of the recording electrode for the tibial 
nerve. The distance between the recording electrode and 
the stimulating electrode was 8 cm in the testing of all 
motor nerves. Locations of stimulating and recording 
electrodes in the case of all examined nerves were typical, 
as presented in previous studies.39,40 Motor and sensory 
NCSs were performed in an environment with a tem-
perature of 21–25°C, as are the optimal parameters for 
electroneurography.41

The results of the NCSs in the investigated group were 
compared to those of the controls. Nerves were ranked 
depending on the degree of impairment to create the scor-
ing system. Normal distribution of variables was obtained 
in the case of the conduction velocity in sensory fibers, 
as well as F wave latency of the median nerve, F wave la-
tency of the ulnar nerve, conduction velocity in sensory 
fibers of  the  peroneal nerve, and conduction velocity 
in sensory fibers of the sural nerve. In the remaining cases, 
the distribution of variables was non-normal. Student’s 
t-test or Mann–Whitney U tests were used to statistically 
analyze the data.

Results

The analysis with the use of the Mann–Whitney U test re-
vealed that both amplitude and conduction velocity of sen-
sory action potentials of the sural, peroneal, median, and 
ulnar nerves were reduced in the investigated group when 
compared to controls. Moreover, the analysis with the use 
of the same test revealed a reduction in the amplitude and 
conduction velocity, as well as elongation of distal latency 
and F wave latency of motor action potentials in the tibial, 
peroneal, median, and ulnar nerves in comparison to con-
trols. Based on that data, we have created diagnostic criteria 
for the impairment of all investigated nerves (Tables 1–5). 
In the case of the conduction velocity of sensory action 
potentials, the differences between the 2 analyzed groups 
were compared using the Student’s t-test (regarding the pe-
roneal and sural nerves). The Mann–Whitney U test was 
used in the case of all other nerves (Table 3).

The  mean amplitude of  sensory action potentials 
in the investigated group was significantly lower in com-
parison to controls. The most significant reduction of am-
plitude in the investigated group compared to controls 
was observed in the peroneal nerve (72.8%, p < 0.05 using 
the Mann–Whitney U test).

Moreover, the values of sensory action potential ampli-
tudes for the sural, peroneal, median, and ulnar nerves 
where impairment was present are depicted in Table 1 
and Fig. 1.

Table 1. Amplitude of sensory action potential in investigated and control groups [μV] using Mann–Whitney U test

Nerve Group n M 95% CI 95% CI Me Q1 Q3 Statistical significance

Median
investigated 113 12.82 10.51 15.12 10.00 4.00 18.00

U = −5.58615, p = 0.000000
control 61 20.87 18.52 23.23 20.00 15.00 23.00

Ulnar
investigated 110 12.86 10.36 15.36 9.00 5.00 16.00

U = −6.72478, p = 0.000000
control 61 22.96 20.83 25.09 23.00 17.00 27.00

Peroneal
investigated 113 3.19 2.58 3.80 2.00 0.50 5.00

U = −9.56193, p = 0.000000
control 61 10.73 9.72 11.75 9.00 7.30 14.00

Sural
investigated 112 4.91 3.98 5.83 4.00 1.00 8.00

U = −8.37706, p = 0.000000
control 61 13.11 11.63 14.59 12.00 9.00 16.00

95% CI – 95% confidence interval; Me – median; M – mean.

Table 2. Amplitude of motor action potential in investigated and control groups [mV] using Mann–Whitney U test

Nerve Group n M 95% CI 95% CI Me Q1 Q3 Statistical significance

Median
investigated 112 7.07 6.61 7.54 6.90 5.60 8.80

U = −2.31339, p = 0.020702
control 61 8.31 7.62 9.00 7.80 6.00 10.30

Ulnar
investigated 110 8.87 8.26 9.47 9.35 7.10 11.20

U = −4.04598, p = 0.000052
control 61 10.93 10.43 11.43 11.00 9.40 12.20

Peroneal
investigated 113 7.94 6.95 8.93 8.10 4.00 11.20

U = −7.21846, p = 0.000000
control 61 14.62 13.46 15.78 14.70 11.00 17.90

Tibial
investigated 113 3.73 3.29 4.17 3.50 2.10 5.60

U = −3.54290, p = 0.000396
control 61 5.04 4.59 5.49 4.70 4.00 5.70

95% CI – 95% confidence interval; Me – median; M – mean.
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The  mean amplitude of  motor action potentials 
in the investigated group was statistically significantly 
lower in comparison to controls. The most significant 
reduction of amplitude in the investigated group com-
pared to  controls was observed in  the  peroneal nerve 
(45%, p < 0.05 using the Mann–Whitney U test). More-
over, the values of motor action potential amplitudes for 
tibial, peroneal, median, and ulnar nerve impairments are 
presented in Table 2.

Mean conduction velocity of sensory action potentials 
in the investigated group was statistically significantly 
lower in comparison to controls. The most significant re-
duction of conduction velocity in the investigated group 
compared to controls was observed in the median nerve 

Table 5. Distal symmetrical polyneuropathy (DSPN) scoring system

Neuropathy severity Criteria

Grade I (minimal) reduction of sensory action potential amplitude of peroneal and sural nerves

Grade II (mild) 
reduction of sensory action potential amplitude of peroneal and sural nerves and of sensory fibers in at least 1 nerve 
in upper limbs

Grade III (moderate) 
reduction of sensory action potential amplitude of peroneal and sural nerves and of sensory fibers in at least 1 nerve 
in upper limbs; additionally, the reduction of motor potential amplitude in peroneal or tibial nerves must be observed

Grade IV (severe) 
reduction of sensory action potential amplitude of peroneal and sural nerves and of sensory fibers in at least 1 nerve 
in upper limbs; additionally, the reduction of motor potential amplitude in peroneal, tibial as well as median or ulnar 
nerves must be observed

Grade V (extremal)
no response from sensory and motor fibers in lower limbs and in sensory fibers in upper limbs; response in motor fibers 
in upper limbs may be observed

Fig. 1. Mean amplitude of sensory action potential in investigated and 
control groups [μV]
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Table 3. Conduction velocity of sensory action potentials in investigated and control groups [ms] using Mann–Whitney U test (median, ulnar nerves) and 
Student’s t test (peroneal, sural nerves)

Nerve Group n M 95% CI 95% CI Me Q1 Q3 Statistical significance

Median
investigated 98 44.79 43.55 46.02 45.00 40.00 49.00

U = 9.28889, p = 0.000000
control 61 55.72 54.64 56.81 56.00 52.00 59.00

Ulnar
investigated 97 43.27 42.17 44.36 43.00 40.00 47.00

U = 9.56644, p = 0.000000
control 61 54.25 53.25 55.25 54.00 51.50 57.00

Peroneal
investigated 84 41.48 40.29 42.67 42.00 37.50 45.00

t = −8.05598, p = 0.000000
control 61 48.50 47.29 49.72 48.00 45.00 52.00

Sural
investigated 85 42.56 41.48 43.65 43.00 39.00 46.00

t = −7.14204, p = 0.000000
control 61 48.12 47.09 49.15 48.00 45.00 50.00

95% CI – 95% confidence interval; Me – median; M – mean.

Table 4. Conduction velocity of motor action potentials in investigated and control group [ms] using Mann–Whitney U test

Nerve Group n M 95% CI 95% CI Me Q1 Q3 Statistical significance

Median
investigated 110 51.43 50.26 52.60 52.00 48.00 55.00

U = −7.99026, p = 0.000000
control 61 58.70 57.84 59.56 58.00 56.00 61.00

Ulnar
investigated 108 53.44 52.09 54.79 53.50 50.00 58.00

U = −3.59515, p = 0.000324
control 61 57.68 56.27 59.09 58.00 53.00 61.00

Tibial
investigated 101 40.18 39.14 41.23 41.00 37.00 44.00

U = −7.86278, p = 0.000000
control 61 47.45 46.38 48.51 47.00 44.00 50.00

Peroneal
investigated 101 42.62 41.52 43.73 44.00 39.00 46.00

U = −6.55305, p = 0.000000
control 61 48.53 47.45 49.61 48.20 46.00 51.00

95% CI – 95% confidence interval; Me – median; M – mean.
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(19.6%, p < 0.05, Mann–Whitney U test). Moreover, the val-
ues of sensory action potential conduction velocities for 
sural, peroneal, median, and ulnar nerve impairments are 
presented in Table 3.

The mean conduction velocity of motor action poten-
tials was statistically significantly lower in the investigated 
group when compared to controls. The most significant 
reduction of conduction velocity in the investigated group 
compared to controls was observed in the median (12.38%) 
and peroneal (12.17%) nerves (p < 0.05, Mann–Whitney 
U test). Values for tibial, peroneal, median, and ulnar nerve 
impairments are presented in Table 4.

The  mean distal latency of  motor action potentials 
in the investigated group was statistically significantly 
lower in comparison to controls. The most significant 
reduction of distal latency in the investigated group com-
pared to controls was observed in the median nerve (24.1%, 
p < 0.05, Mann–Whitney U test; data not shown).

The mean F wave latency of motor action potentials 
in the investigated group was statistically significantly 
longer in comparison to controls. The most significant 
reduction of F wave latency in the investigated group com-
pared to controls was observed in the median nerve (13%, 
p < 0.05, Mann–Whitney U test; data not shown).

In the present study, the biggest difference in conduc-
tion parameters between the examined nerves in the in-
vestigated group was observed in the amplitude of both 
motor and sensory action potentials. The most sensitive 
parameter of the severity of peripheral nerve impairments 
was the reduction of sensory action potential amplitude 
in the peroneal nerve. Similar observations were made 
for the amplitude of sensory and motor action potentials 
in other examined nerves. In the case of the conduction 
velocity as well as distal and F wave latencies, that connec-
tion was not so evident.

Taking those data into consideration, we have created 
a simple scoring system presented in Table 5. We propose 
the working name “SAP (sensory amplitude potential) 
– reduction scale” for this scoring scale with stratifica-
tion of severity.

Discussion

The evaluation of severity of neuropathy remains a chal-
lenge for modern medicine.42 Many scales have been pro-
posed to resolve this problem, but each of them has its limi-
tations. In many cases, a relationship between a patient’s 
clinical status and NCS results does not exist. Severely 
disabled patients with neuropathies can have mild NCS re-
sults, and the converse relationship is also often observed. 
Moreover, the ideal scoring system should reflect the natu-
ral disease course and include only objective parameters. 
Distal symmetrical polyneuropathy is the most common 
polyneuropathy among patients with diabetes mellitus. 
Electromyography plays an important role in the diagnosis 

and disease progression monitoring, especially in patients 
in the initial phases of neuropathy when symptoms can be 
subtle.43–45 Moreover, clinical evaluation of disease pro-
gression can also be subjective and new objective and more 
precise methods should be evaluated. Our study is an at-
tempt to create a simple scoring system based on electro-
neurography criteria that could improve the standards 
of medical care and positively impact the cooperation be-
tween electromyography administrators and neurologists, 
as well as other specialists such as cardiologists, nephrolo-
gists and rehabilitation therapists.

Many screening instruments with numerous compos-
ite scores are used to evaluate the severity of neuropathy. 
One of the most frequently used systems of classification 
is Neuropathy Disability Score (NDS) that examines tem-
perature, vibration perception and presence of reflexes.46,47 
Another scale is the Neuropathy Impairment Score (NIS) 
which includes the examination of sensory functions and 
reflexes but also the evaluation of motor function im-
pairments.48,49 Disease symptoms, reflexes and sensory 
symptoms are found in the Toronto Clinical Neuropathy 
Scoring System.50,51 Using the systems of classification 
presented above allows physicians to assign patients to dif-
ferent disease levels; however, it is important to notice that 
the clinical features of one patient may not be directly 
comparable to those of another one, even if the same de-
gree of neuropathy has been established in both cases. 
The explanation of this observation derives from the fact 
that symptoms of neuropathy may vary from patient to pa-
tient. Foot deformities are often seen in neuropathies, es-
pecially hereditary ones. Additionally, asymmetric motor 
and sensory symptoms can make the evaluation more 
difficult.52,53 Many scores were developed for screening 
for a particular type of neuropathy or to evaluate disease 
severity. For example, the Michigan Neuropathy Screening 
Instrument questionnaire (MNSIq) contains symptoms, 
sensory disturbances and reflex disturbances, and is used 
in screening for diabetic neuropathy, similar to the Clinical 
Neuropathy Examination (CNE).54–56 The indubitable ad-
vantage of those scales is that they do not require specific 
knowledge or appropriate professional training, and can 
be performed by clinicians other than neurologists. Un-
fortunately, they also include some criteria that can make 
the objective assessment of disease progression difficult.

In the present study, among all the parameters evaluated 
in the NCS, the most significant reduction was observed 
in the case of sensory and motor action potential ampli-
tudes. It confirms the hypothesis that in cases of DSPN, 
axonal loss plays an important role in the pathogenesis 
of the disease. Features of the demyelinating process were 
also observed in these patients, but they were far less in-
creased. Due to that, conduction velocity and distal and 
F wave latencies, which are the parameters of demyelin-
ation, were not reduced as much as the amplitude of mo-
tor and sensory action potentials. The presented results 
also confirm the hypothesis that sensory nerves are more 
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affected by the disease than motor nerves. In our study, 
the most sensitive parameter of peripheral nerve impair-
ment severity was the reduction of sensory action potential 
amplitude in the peroneal nerve. It seems that the reduc-
tion of sensory action potential amplitude in this nerve 
is the first sign of disease. Patients with diabetes and iso-
lated impairment of peroneal nerve sensory fibers should 
be monitored for DSPN. Symptoms of DSPN usually start 
in the lower limbs and sensory fibers. In our study, the most 
significant reduction was observed in both the amplitude 
of sensory action potentials and conduction velocities. 
The presented scale seems to reflect the nature of the dis-
ease with the proposed sensory nerve evaluation. Our scor-
ing system may be very useful not only for neurologists but 
also for diabetologists. Electromyography studies are safe 
for the patient and can be performed in every hospital.

Limitations

The limitation of our study is that the correlation be-
tween our scoring system and classifications was based 
on clinical criteria that were not evaluated. The next step 
of our investigations will be the assessment of this clas-
sification system in different types of neuropathies.

Conclusions

Proper polyneuropathy systems of classification seem 
to be inevitable in routine neurological practice. Not only 
could they improve the organization of medical research, 
but also they could help monitor disease progression and 
treatment effects. The majority of scores involve sensory 
perception, motor functions, reflexes, and disease symp-
toms. If the scale is too subtle or does not reflect the se-
verity of the disease, the symptomatology alone is insuf-
ficient. Electroneurographic studies have a high sensitivity 
in the diagnosis of polyneuropathy, as well as play a big 
role in the evaluation of disease progression. Although 
numerous, the attempts of creating new scores have failed 
to be widely used in clinical practice. The presented clas-
sification is a simple and objective scoring system based 
only on electroneurographic parameters and can be used 
in patients with DSPN who have experienced disease pro-
gression. In our study, the most significant reductions were 
in the amplitude of sensory action potentials. This finding 
is connected to axonal degeneration and Schwann cell 
damage that were observed during nerve biopsies in pa-
tients with diabetes mellitus polyneuropathy in previous 
studies.57–60 There is a strong correlation between electro-
neurographic results and histopathological findings; thus, 
a scoring system based on electroneurographic criteria 
reflects the natural disease course. The presented paper 
is a pilot study, and further studies evaluating the correla-
tion between our classification and those based on clinical 
criteria are in progress.

ORCID iDs
Jakub Stępień  https://orcid.org/0000-0001-5789-8518
Żanna Pastuszak  https://orcid.org/0000-0002-1806-1587

References
1.	 Snyder MJ, Gibbs LM, Lindsay TJ. Treating painful diabetic periph-

eral neuropathy: An update. Am Fam Physician. 2016;94(3):227–234. 
PMID:27479625.

2.	 Hicks CW, Selvin E. Epidemiology of peripheral neuropathy and 
lower extremity disease in diabetes. Curr Diab Rep. 2019;19(10):86. 
doi:10.1007/s11892-019-1212-8

3.	 Hammi C, Yeung B. Neuropathy. In: StatPearls. Treasure Island, USA: 
StatPearls Publishing; 2022. https://www.ncbi.nlm.nih.gov/books/
NBK542220/. Accessed October 15, 2022.

4.	 Papanas N, Ziegler D. Risk factors and comorbidities in diabetic 
neuropathy: An update 2015. Rev Diabet Stud. 2015;12(1–2):48–62. 
doi:10.1900/RDS.2015.12.48

5.	 Kaku M, Vinik A, Simpson DM. Pathways in the diagnosis and man-
agement of diabetic polyneuropathy. Curr Diab Rep. 2015;15(6):609. 
doi:10.1007/s11892-015-0609-2

6.	 Boulton AJM, Kempler P, Ametov A, Ziegler D. Whither pathogenet-
ic treatments for diabetic polyneuropathy? Diabetes Metab Res Rev. 
2013;29(5):327–333. doi:10.1002/dmrr.2397

7.	 Liu S, Kuja-Halkola R, Larsson H, et al. Poor glycaemic control is asso-
ciated with increased risk of neurodevelopmental disorders in child-
hood-onset type 1 diabetes: A population-based cohort study.  
Diabetologia. 2021;64(4):767–777. doi:10.1007/s00125-020-05372-5

8.	 Archer AG, Watkins PJ, Thomas PK, Sharma AK, Payan J. The natu-
ral history of acute painful neuropathy in diabetes mellitus. J Neurol 
Neurosurg Psychiatry. 1983;46(6):491–499. doi:10.1136/jnnp.46.6.491

9.	 Bril V, Perkins BA. Validation of the Toronto Clinical Scoring System 
for diabetic polyneuropathy. Diabetes Care. 2002;25(11):2048–2052. 
doi:10.2337/diacare.25.11.2048

10.	 Goel J, Anadure RK, Nair MD, Nair S, Yasha TC. A study correlating 
nerve biopsy with clinical diagnosis and its impact on improving 
management in peripheral neuropathies. Interdiscip Neurosurg. 2021; 
25:101237. doi:10.1016/j.inat.2021.101237

11.	 McArthur JC, Stocks EA, Hauer P, Cornblath DR, Griffin JW. Epider-
mal nerve fiber density: Normative reference range and diagnostic 
efficiency. Arch Neurol. 1998;55(12):1513–1520. doi:10.1001/archneur. 
55.12.1513

12.	 Lehmann HC, Wunderlich G, Fink GR, Sommer C. Diagnosis of periph-
eral neuropathy. Neurol Res Pract. 2020;2:20. doi:10.1186/s42466-020-
00064-2

13.	 Yu Y. Gold standard for diagnosis of DPN. Front Endocrinol (Lausanne). 
2021;12:719356. doi:10.3389/fendo.2021.719356

14.	 Bryleva EY, Brundin L. Suicidality and activation of the kynurenine 
pathway of tryptophan metabolism. In: Inflammation-Associated 
Depression: Evidence, Mechanisms and Implications. Vol 31. Current 
Topics in Behavioral Neurosciences. Cham, Switzerland: Springer 
International Publishing; 2016:269–284. doi:10.1007/7854_2016_5

15.	 Sharma KR, Cross J, Farronay O, Ayyar D, Shebert R, Bradley W. Demy-
elinating neuropathy in diabetes mellitus. Arch Neurol. 2002;59(5): 
758–765. doi:10.1001/archneur.59.5.758

16.	 Fatehi F, Nafissi S, Basiri K, Amiri M, Soltanzadeh A. Chronic inflam-
matory demyelinating polyneuropathy associated with diabetes 
mellitus. J Res Med Sci. 2013;18(5):438–441. PMID:24174953.

17.	 Igelhorst BA, Niederkinkhaus V, Karus C, Lange MD, Dietzel ID. Regu-
lation of neuronal excitability by release of proteins from glial cells. 
Philos Trans R Soc Lond B Biol Sci. 2015;370(1672):20140194. doi:10.1098/
rstb.2014.0194

18.	 Yang Z, Chen R, Zhang Y, et al. Scoring systems to screen for diabetic  
peripheral neuropathy. Cochrane Database Syst Rev. 2018;2018(7): 
CD010974. doi:10.1002/14651858.CD010974.pub2

19.	 Carmichael J, Fadavi H, Ishibashi F, Shore AC, Tavakoli M. Advances 
in screening, early diagnosis and accurate staging of diabetic neu-
ropathy. Front Endocrinol (Lausanne). 2021;12:671257. doi:10.3389/
fendo.2021.671257

20.	 Koop L, Tadi P. Neuroanatomy, sensory nerves. In: StatPearls. Trea-
sure Island, USA: StatPearls Publishing; 2022. https://www.ncbi.nlm.
nih.gov/books/NBK539846/. Accessed July 25, 2022.

https://pubmed.ncbi.nlm.nih.gov/27479625
https://www.doi.org/10.1007/s11892-019-1212-8
https://www.ncbi.nlm.nih.gov/books/NBK542220/
https://www.ncbi.nlm.nih.gov/books/NBK542220/
https://www.doi.org/10.1900/RDS.2015.12.48
https://www.doi.org/10.1007/s11892-015-0609-2
https://www.doi.org/10.1002/dmrr.2397
https://www.doi.org/10.1007/s00125-020-05372-5
https://www.doi.org/10.1136/jnnp.46.6.491
https://www.doi.org/10.2337/diacare.25.11.2048
https://www.doi.org/10.1016/j.inat.2021.101237
https://www.doi.org/10.1001/archneur.55.12.1513
https://www.doi.org/10.1001/archneur.55.12.1513
https://www.doi.org/10.1186/s42466-020-00064-2
https://www.doi.org/10.1186/s42466-020-00064-2
https://www.doi.org/10.3389/fendo.2021.719356
https://www.doi.org/10.1007/7854_2016_5
https://www.doi.org/10.1001/archneur.59.5.758
https://pubmed.ncbi.nlm.nih.gov/24174953
https://www.doi.org/10.1098/rstb.2014.0194
https://www.doi.org/10.1098/rstb.2014.0194
https://www.doi.org/10.1002/14651858.CD010974.pub2
https://www.doi.org/10.3389/fendo.2021.671257
https://www.doi.org/10.3389/fendo.2021.671257
https://www.ncbi.nlm.nih.gov/books/NBK539846/
https://www.ncbi.nlm.nih.gov/books/NBK539846/


Adv Clin Exp Med. 2024;33(4):379–385 385

21.	 Feldman EL, Callaghan BC, Pop-Busui R, et al. Diabetic neuropathy. 
Nat Rev Dis Primers. 2019;5(1):42. doi:10.1038/s41572-019-0097-9

22.	 Peltier AC, Myers MI, Artibee KJ, et al. Evaluation of dermal myelin-
ated nerve fibers in diabetes mellitus. J Peripher Nerv Syst. 2013;18(2): 
162–167. doi:10.1111/jns5.12027

23.	 Jin HY, Park TS. Can nerve conduction studies detect earlier and pre-
dict clinical diabetic neuropathy? J Diabetes Invest. 2015;6(1):18–20. 
doi:10.1111/jdi.12236

24.	 Behse F, Buchthal F. Normal sensory conduction in  the nerves 
of the leg in man. J Neurol Neurosurg Psychiatry. 1971;34(4):404–414. 
doi:10.1136/jnnp.34.4.404

25.	 Ghiasvand F, Ghadimi M, Ghadimi F, Safarpour S, Hosseinzadeh R,  
SeyedAlinaghi S. Symmetrical polyneuropathy in coronavirus disease 
2019 (COVID-19). IDCases. 2020;21:e00815. doi:10.1016/j.idcr.2020.
e00815

26.	 Rutkove SB. Effects of temperature on neuromuscular electrophysi-
ology. Muscle Nerve. 2001;24(7):867–882. doi:10.1002/mus.1084

27.	 Hange N, Poudel S, Ozair S, et al. Managing chronic neuropathic 
pain: Recent advances and new challenges. Neurol Res Int. 2022;2022: 
8336561. doi:10.1155/2022/8336561

28.	 Burgess J, Frank B, Marshall A, et al. Early detection of diabetic periph-
eral neuropathy: A focus on small nerve fibres. Diagnostics (Basel). 
2021;11(2):165. doi:10.3390/diagnostics11020165

29.	 Dunker Ø, Nilsen KB, Olsen SE, Åsvold BO, Bjørgaas MRR, Sand T. Which 
combined nerve conduction study scores are best suited for poly-
neuropathy in diabetic patients? Muscle Nerve. 2022;65(2):171–179.  
doi:10.1002/mus.27445

30.	 Petropoulos IN, Ponirakis G, Khan A, Almuhannadi H, Gad H, Malik RA. 
Diagnosing diabetic neuropathy: Something old, something new. 
Diabetes Metab J. 2018;42(4):255–269. doi:10.4093/dmj.2018.0056

31.	 Service FJ, Rizza RA, Daube JR, O’Brien PC, Dyck PJ. Near normogly-
caemia improved nerve conduction and vibration sensation in dia-
betic neuropathy. Diabetologia. 1985;28(10):722–727. doi:10.1007/
BF00265018

32.	 Yang Z, Zhang Y, Chen R, et al. Simple tests to screen for diabetic periph-
eral neuropathy. Cochrane Database Syst Rev. 2018;2018(7):CD010975. 
doi:10.1002/14651858.CD010975.pub2

33.	 Dyck PJ, Davies JL, Litchy WJ, O’Brien PC. Longitudinal assessment 
of diabetic polyneuropathy using a composite score in the Rochester 
Diabetic Neuropathy Study cohort. Neurology. 1997;49(1):229–239.  
doi:10.1212/WNL.49.1.229

34.	 Dyck PJ, Kincaid JC, Dyck PJB, et al. Assessing mNIS+7Ionis and inter-
national neurologists’ proficiency in a familial amyloidotic poly-
neuropathy trial. Muscle Nerve. 2017;56(5):901–911. doi:10.1002/mus. 
25563

35.	 Vas PR, Sharma S, Rayman G. Distal sensorimotor neuropathy: Improve-
ments in diagnosis . Rev Diabet Stud. 2015;12(1–2):29–47. doi:10.1900 
/RDS.2015.12.29

36.	 Abraham A, Barnett C, Katzberg HD, Lovblom LE, Perkins BA, Bril V. 
Toronto Clinical Neuropathy Score is valid for a wide spectrum 
of polyneuropathies. Eur J Neurol. 2018;25(3):484–490. doi:10.1111/
ene.13533

37.	 Picon AP, Ortega NRS, Watari R, Sartor C, Sacco ICN. Classification 
of the severity of diabetic neuropathy: A new approach taking uncer-
tainties into account using fuzzy logic. Clinics (Sao Paulo). 2012;67(2): 
151–156. doi:10.6061/clinics/2012(02)10

38.	 Baets J, Deconinck T, De Vriendt E, et al. Genetic spectrum of hereditary 
neuropathies with onset in the first year of life. Brain. 2011;134(Pt 9): 
2664–2676. doi:10.1093/brain/awr184

39.	 Valk GD, De Sonnaville JJJ, Van Houtum WH, et al. The assessment 
of diabetic polyneuropathy in daily clinical practice: Reproducibility 
and validity of Semmes Weinstein monofilaments examination and 
clinical neurological examination. Muscle Nerve. 1997;20(1):116–118. 
doi:10.1002/(SICI)1097-4598(199701)20:1<116::AID-MUS19>3.0.CO;2-2

40.	 Van De Poll-Franse LV, Valk GD, Renders CM, Heine RJ, Van Eijk JTM. 
Longitudinal assessment of the development of diabetic polyneu-
ropathy and associated risk factors. Diabet Med. 2002;19(9):771–776. 
doi:10.1046/j.1464-5491.2002.00778.x

41.	 Herman WH, Pop-Busui R, Braffett BH, et al. Use of the Michigan 
Neuropathy Screening Instrument as a measure of distal symmetri-
cal peripheral neuropathy in type 1 diabetes: Results from the Dia-
betes Control and Complications Trial/Epidemiology of Diabetes 
Interventions and Complications. Diabet Med. 2012;29(7):937–944. 
doi:10.1111/j.1464-5491.2012.03644.x

42.	 Tanaka M, Szabó Á, Spekker E, Polyák H, Tóth F, Vécsei L. Mitochon-
drial impairment: A common motif in neuropsychiatric presentation? 
The link to the tryptophan–kynurenine metabolic system. Cells. 2022; 
11(16):2607. doi:10.3390/cells11162607

43.	 Zheng H, Sun W, Zhang Q, et al. Proinflammatory cytokines pre-
dict the incidence of diabetic peripheral neuropathy over 5 years 
in Chinese type 2 diabetes patients: A prospective cohort study.  
EClinicalMedicine. 2020;31:100649. doi:10.1016/j.eclinm.2020.100649

44.	 Skundric DS, Lisak RP. Role of neuropoietic cytokines in development 
and progression of diabetic polyneuropathy: From glucose metab-
olism to neurodegeneration. Exp Diabesity Res. 2003;4(4):303–312. 
doi:10.1155/EDR.2003.303

45.	 Behse F, Buchthal F, Carlsen F. Nerve biopsy and conduction studies 
in diabetic neuropathy. J Neurol Neurosurg Psychiatry. 1977;40(11): 
1072–1082. doi:10.1136/jnnp.40.11.1072

46.	 Younger DS. Diabetic neuropathy: A clinical and neuropathological 
study of 107 patients. Neurol Res Int. 2010;2010:140379. doi:10.1155 
/2010/140379

47.	 Dyck PJB, Engelstad J, Norell J, Dyck PJ. Microvasculitis in non-dia-
betic lumbosacral radiculoplexus neuropathy (LSRPN): Similarity 
to the diabetic variety (DLSRPN). J Neuropathol Exp Neurol. 2000;59(6): 
525–538. doi:10.1093/jnen/59.6.525

48.	 Woltman H, Wilder R. Diabetes mellitus: Pathogenic changes in 
the spinal cord and peripheral nerves. Arch Intern Med (Chic). 1929; 
44:576–603. doi:10.1001/archinte.1929.00140040114010

49.	 Krendel DA, Costigan DA, Hopkins LC. Successful treatment of neu-
ropathies in patients with diabetes mellitus. Arch Neurol. 1995;52(11): 
1053–1061. doi:10.1001/archneur.1995.00540350039015

50.	 Younger DS, Rosoklija G, Hays AP, Trojaborg W, Latov N. Diabetic 
peripheral neuropathy: A clinicopathologic and immunohistochemi-
cal analysis of sural nerve biopsies. Muscle Nerve. 1996;19(6):722–727. 
doi:10.1002/(SICI)1097-4598(199606)19:6<722::AID-MUS6>3.0.CO;2-C

51.	 Ciapała K, Mika J, Rojewska E. The kynurenine pathway as a poten-
tial target for neuropathic pain therapy design: From basic research 
to clinical perspectives. Int J Mol Sci. 2021;22(20):11055. doi:10.3390/
ijms222011055

52.	 Tajti J, Szok D, Csáti A, Szabó Á, Tanaka M, Vécsei L. Exploring novel 
therapeutic targets in the common pathogenic factors in migraine 
and neuropathic pain. Int J Mol Sci. 2023;24(4):4114. doi:10.3390/ijms 
24044114

53.	 Perini F, D’Andrea G, Galloni E, et al. Plasma cytokine levels in 
migraineurs and controls. Headache. 2005;45(7):926–931. doi:10.1111/
j.1526-4610.2005.05135.x

54.	 Baka P, Escolano-Lozano F, Birklein F. Systemic inflammatory bio-
markers in painful diabetic neuropathy. J Diabetes Complications. 
2021;35(10):108017. doi:10.1016/j.jdiacomp.2021.108017

55.	 Zilliox LA, Ruby SK, Singh S, Zhan M, Russell JW. Clinical neuropathy 
scales in neuropathy associated with impaired glucose tolerance.  
J Diabetes Complications. 2015;29(3):372–377. doi:10.1016/j.jdiacomp. 
2015.01.011

56.	 Badawy AAB. Kynurenine pathway of tryptophan metabolism: Reg-
ulatory and functional aspects. Int J Tryptophan Res. 2017;10:117864 
691769193. doi:10.1177/1178646917691938

57.	 Tanaka M, Török N, Tóth F, Szabó Á, Vécsei L. Co-players in chron-
ic pain: Neuroinflammation and the tryptophan-kynurenine met-
abolic pathway. Biomedicines. 2021;9(8):897. doi:10.3390/biomedi-
cines9080897

58.	 Meacham K, Shepherd A, Mohapatra DP, Haroutounian S. Neuropath-
ic pain: Central vs. peripheral mechanisms. Curr Pain Headache Rep.  
2017;21(6):28. doi:10.1007/s11916-017-0629-5

59.	 Savitz J. The kynurenine pathway: A finger in every pie. Mol Psychiatry.  
2020;25(1):131–147. doi:10.1038/s41380-019-0414-4

60.	 Rojewska E, Piotrowska A, Makuch W, Przewlocka B, Mika J. Pharma-
cological kynurenine 3-monooxygenase enzyme inhibition signifi-
cantly reduces neuropathic pain in a rat model. Neuropharmacology.  
2016;102:80–91. doi:10.1016/j.neuropharm.2015.10.040

https://www.doi.org/10.1038/s41572-019-0097-9
https://www.doi.org/10.1111/jns5.12027
https://www.doi.org/10.1111/jdi.12236
https://www.doi.org/10.1136/jnnp.34.4.404
https://www.doi.org/10.1016/j.idcr.2020.e00815
https://www.doi.org/10.1016/j.idcr.2020.e00815
https://www.doi.org/10.1002/mus.1084
https://www.doi.org/10.1155/2022/8336561
https://www.doi.org/10.3390/diagnostics11020165
https://www.doi.org/10.1002/mus.27445
https://www.doi.org/10.4093/dmj.2018.0056
https://www.doi.org/10.1007/BF00265018
https://www.doi.org/10.1007/BF00265018
https://www.doi.org/10.1002/14651858.CD010975.pub2
https://www.doi.org/10.1212/WNL.49.1.229
https://www.doi.org/10.1002/mus.25563
https://www.doi.org/10.1002/mus.25563
https://www.doi.org/10.1900/RDS.2015.12.29
https://www.doi.org/10.1900/RDS.2015.12.29
https://www.doi.org/10.1111/ene.13533
https://www.doi.org/10.1111/ene.13533
https://www.doi.org/10.6061/clinics/2012(02)10
https://www.doi.org/10.1093/brain/awr184
https://www.doi.org/10.1002/(SICI)1097-4598(199701)20:1<116::AID-MUS19>3.0.CO
https://www.doi.org/10.1046/j.1464-5491.2002.00778.x
https://www.doi.org/10.1111/j.1464-5491.2012.03644.x
https://www.doi.org/10.3390/cells11162607
https://www.doi.org/10.1016/j.eclinm.2020.100649
https://www.doi.org/10.1155/EDR.2003.303
https://www.doi.org/10.1136/jnnp.40.11.1072
https://www.doi.org/10.1155/2010/140379
https://www.doi.org/10.1155/2010/140379
https://www.doi.org/10.1093/jnen/59.6.525
https://www.doi.org/10.1001/archinte.1929.00140040114010
https://www.doi.org/10.1001/archneur.1995.00540350039015
https://www.doi.org/10.1002/(SICI)1097-4598(199606)19:6<722::AID-MUS6>3.0.CO
https://www.doi.org/10.3390/ijms222011055
https://www.doi.org/10.3390/ijms222011055
https://www.doi.org/10.3390/ijms24044114
https://www.doi.org/10.3390/ijms24044114
https://www.doi.org/10.1111/j.1526-4610.2005.05135.x
https://www.doi.org/10.1111/j.1526-4610.2005.05135.x
https://www.doi.org/10.1016/j.jdiacomp.2021.108017
https://www.doi.org/10.1016/j.jdiacomp.2015.01.011
https://www.doi.org/10.1016/j.jdiacomp.2015.01.011
https://www.doi.org/10.1177/1178646917691938
https://www.doi.org/10.3390/biomedicines9080897
https://www.doi.org/10.3390/biomedicines9080897
https://www.doi.org/10.1007/s11916-017-0629-5
https://www.doi.org/10.1038/s41380-019-0414-4
https://www.doi.org/10.1016/j.neuropharm.2015.10.040

	Distal symmetrical polyneuropathy in diabetes mellitus patients: Proposition of a new scoring syst

