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WYKAZ ZASTOSOWANYCH SKROTOW

DSNP — distal symetrical polineuropathy
COVID 19 - coronavirus disease 2019

NCS - nerve conduction study

ENG - elektroneurografia

TGF beta — transforming growth factor beta
TNF alpha — transforming nerve factor alpha

INF gamma — interferon gamma
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PCR — polymerase chain reaction



STRESZCZENIE

Pierwsze badanie dotyczyto systemu klasyfikacji stopnia nasilenia zmian w nerwach
obwodowych u chorych z cukrzyca. Polineuropatia rozwija si¢ u 25% chorych z tg choroba,
a dystalna symetryczna polineuropatia cukrzycowa jest najczgstsza jej postacia. W diagnostyce
DSNP najwazniejsze sa kryteria kliniczne. Badanie elektroneurograficzne stanowi uzupetnienie
diagnostyki i odgrywa wazna rol¢ u pacjentdéw skapo objawowych. Powstalo wiele systeméw
klasyfikacji stopnia nasilenia zmian w DSNP, ale s3 one oparte glownie na kryteriach
klinicznych. Wigkszo$¢ z nich jest czasochtonna i wymaga wykonania szczegdtowego
badania neurologicznego. Brakuje prostego, obiektywnego, opartego na kryteriach
neurofizjologicznych systemu klasyfikacji nasilenia zmian u chorych z polineuropatia
cukrzycowa, szczegdlnie w poczatkowym stadium choroby. W prezentowanym badaniu wzi¢to
udzial 113 chorych z DSNP. W grupie kontrolnej znalazlo si¢ 61 zdrowych ochotnikow.
Wykonano badanie elektroneurograficzne nerwu posrodkowego, tokciowego, tydkowego,
piszczelowego 1 strzalkowego. Porownano warto$ci amplitudy odpowiedzi, szybkosci
przewodzenia, latencji dystalnej oraz latencji fali F w grupie badanej z grupa kontrolng. Nerwy
uporzadkowano w zaleznosci od stopnia nasilenia zmian w badaniu elektroneurograficznym,
co pozwolito na utworzenie systemu klasyfikacji. Analiza statystyczna wykazata, ze zar6wno
amplituda odpowiedzi, jak 1 szybko$¢ przewodzenia we widknach czuciowych nerwu
tydkowego, strzalkowego, posrodkowego 1 tokciowego, byla obnizona w grupie badanej
w stosunku do grupy kontrolnej. Analiza statystyczna wykazata takze obnizenie amplitudy,
zwolnienie szybko$ci przewodzenia oraz wydtluzenie latencji fali dystalnej i fali F w grupie
badanej w stosunku do grupy kontrolnej we widknach ruchowych nerwu posrodkowego,
lokciowego, piszczelowego i strzaltkowego. Najbardziej czulym parametrem uszkodzenia
nerwoé6w obwodowych u chorych z DSNP byto obnizenie amplitudy odpowiedzi we wtdknach

czuciowych nerwu strzatkowego.

Drugie badanie miato na celu analiz¢ uszkodzenia nerwéw obwodowych u chorych,
ktorzy przebyli COVID 19. Choroba ta zazwyczaj przebiega pod postacia infekcji drog
oddechowych, a najczgstsze jej powiklania to zapalenie ptuc oraz zespoét ostrej niewydolnosci
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oddechowej. Powiktania neurologiczne obserwuje si¢ w przypadku 36,4% chorych po infekcji
SARS-CoV-2, ale czgsto§¢ wystgpowania polineuropatii jest nieznana. W grupie badanej
znalazlto si¢ 45 osob, ktore przebyly COVID 19 w okresie maksymalnie do 6 miesigcy od
badania elektroneurograficznego. Do grupy kontrolnej wiaczono 45 zdrowych ochotnikow.
W prezentowanym badaniu zaobserwowano obnizenie amplitudy odpowiedzi, zwolnienie
szybkos$ci przewodzenia, zarowno we widknach czuciowych jak i ruchowych oraz wydtuzenie
latencji dystalnej 1 latencji fali F we widknach ruchowych w przypadku wszystkich badanych
nerwow w poréwnaniu z grupa kontrolng. Amplituda odpowiedzi w nerwie tydkowym byta
najbardziej znamiennie statystycznie obnizonym parametrem w grupie badanej w stosunku do
grupy kontrolnej. Badanie elektroneurograficzne wykazato uszkodzenie o zard6wno aksonalnym
jak 1 demielinizacyjnym charakterze w grupie chorych, ktérzy przebyli COVID 19. Z tego
badania jasno wynika, ze infekcja SARS-CoV-2 moze skutkowaé uszkodzeniem obwodowego

uktadu nerwowego.

Zaréwno DSNP jak i neuropatia po COVID 19 to bardzo wazne problemy wspdiczesne)
neurofizjologii. Zaprezentowane badania dostarczyly informacji odnosnie patofizjologii tych
chordb, ale takze o charakterze zmian w nerwach obwodowych, stwierdzanych w badaniu
elektroneurograficznym. Dane te umozliwity takze utworzenie systemu klasyfikacji nasilenia

zmian w nerwach obwodowych u tych chorych.



SUMMARY

THE USE OF ELECTRONEUROGRAPHY IN THE ASSESSMENT OF DAMAGE TO
THE PERIPHERAL NERVOUS SYSTEM IN SPECIFIC DISEASES

Neuropathy affects 25% of people with diabetes mellitus. Distal symmetrical
polyneuropathy (DSPN) isthe most common presentation of the disease. The diagnosis
of DSPN is primarily clinical, and its’ most important part is the physical examination,
including neurologic testing. Nerve conduction study plays an important role in the diagnostic
process, especially in patients with minimal or no objective symptoms. Many screening
instruments based mainly on clinical 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 electroneurographic
parameters that could help monitor disease progression with the use of objective criteria,
especially in patients in the initial stage of DSPN. This retrospective study investigated a group
of 113 patients with DSPN due to diabetes mellitus. Additionally, a control group of 61 healthy
volunteers were included. The 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 the nerve conduction study in the investigated group were compared
to those of the controls. Nerves were ranked depending on the degree of impairment to create
the scoring system. The analysis with the use of the Mann-Whitney U test revealed that both
amplitude and conduction velocity of sensory 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 controls. The most sensitive
parameter of the severity of peripheral nerve impairments was the reduction of sensory action
potential amplitude in the peroneal nerve. Based on that data, we have created diagnostic

criteria for the impairment of all investigated nerves.



The second study was created to investigate the abnormalities in peripheral nerves in post
COVID patients. The predominant clinical presentation of COVID-19 infection is a respiratory
disease with the most common complications including pneumonia and acute respiratory
distress syndrome. Although various neurological manifestations are observed in 36.4% of
patients infected with SARS-CoV-2, the incidence of post COVID neuropathy remains
unknown. The study group consisted of 45 patients who survived COVID-19 in maximal time
of 6 month before NCS study while the control group consisted of 45 healthy volunteers. In our
study, there was statistically significant reduction of amplitude and conduction velocity in both
sensory and motor neuron fibers compared with control group in all examined nerves in upper
and lower limbs. Moreover, distal latency and F wave latency were also increased compared
with control group. All this abnormalities are typically for polyneuropathy and our results are
similar to those described in the literature. The most significant reduction of NCS parameters
was observed in case of sensory action potential amplitude of sural nerve. Moreover, that
correlation was the most significant in case of amplitude and conduction velocity in sensory
and motor neuron fibers both in arms and legs. In the study group, NCS showed both axonal
loss and demyelinating features in COVID-19 survivors who had the symptoms of
polyneuropathy. In our study it was obvious that SARS-CoV-2 can impair peripheral nerves

fibers resulting in polyneuropathy.

DSNP as well as post COVID neuropathy are very important problems in
neurophysiology. Presented study provided information about their pathophysiology and
electroneurographic changes observed in peripheral nerves. Those data enabled to create

a simple scoring system that can help to monitor disease severity.
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WSTEP

Diagnostyka i leczenie wszelkiego rodzaju neuropatii stanowi wciaz powazny problem
wspoélczesne] medycyny. Najczgstsza przyczyna uszkodzenia nerwéw obwodowych jest
cukrzyca. Szacuje si¢, Ze neuropatia obwodowa wystepuje u 25% pacjentdow z ta choroba [1,2].
Dystalna symetryczna polineuropatia (DSNP) jest najczgséciej wystgpujaca postacia neuropatii
u pacjentow chorych na cukrzyce [3,4]. Do najczgstszych objawow DSNP nalezg zaburzenia
czucia, parestezje, bole 1 ostabienie sily migsniowej konczyn [5]. Pacjenci z DSNP maja
zwigkszone ryzyko owrzodzen oraz infekcji tkanek migkkich konczyn [6,7]. Glownym
czynnikiem ryzyka wystapienia DSNP sg nieprawidlowe wartosci glikemii [8]. Etiopatogeneza
choroby pozostaje nieznana. Biopsja nerwoéw obwodowych wykazuje degeneracj¢ zar6wno
zmielinizowanych jak i niezmielinizowanych wtokien nerwowych [9,10]. U pacjentow z DSNP
stwierdzono zaburzenia wydzielania cytokin. Osoby te maja wyzsze stezenie interleukiny 1
(IL-1), interleukiny 6 (IL-6) oraz transformujgcego czynnika wzrostu beta (TGF beta) [11].
W diagnostyce choroby najwazniejsza role ogrywaja badanie fizykalne oraz elektroneurografia
(ENG) [12]. Podczas badania elektroneurograficznego stosuje si¢ stymulacj¢ badanego nerwu
bodZzcem elektrycznym oraz przeprowadza si¢ rejestracje przewodzonego wzdluz
nerwu potencjatu czynnosciowego. Rejestruje si¢ dzigki temu takie parametry jak: amplituda
odpowiedzi, szybko$¢ przewodzenia, latencja dystalna oraz latencja fali F [13]. Ocena stopnia
nasilenia DSNP sprawia wiele trudno$ci neurologom. Wszystkie dostgpne systemy klasyfikacji
DSNP oparte sa na kryteriach klinicznych. Sa one czasochlonne oraz wymagaja wykonania
bardzo szczegotowego badania neurologicznego. Badanie neurologiczne zawiera takze element
subiektywnej oceny stopnia nasilenia poszczegdlnych nieprawidtowosci, przez co skale te sa
obarczone ryzykiem bitedu. Brakuje prostego, obiektywnego, opartego na parametrach

elektroneurograficznych systemu klasyfikacji stopnia nasilenia DSNP.

Polineuropatia cukrzycowa stanowi jedno z najwazniejszych zagadnien neurofizjologii
zuwagi na czg¢sto$¢ jej wystgpowania. Drugim, rownie waznym zagadnieniem, sg zmiany
w nerwach obwodowych u pacjentow, ktorzy przeszli infekcje wirusem SARS-CoV-2. Z uwagi

na fakt, ze COVID 19 wystgpuje w populacji ludzkiej dopiero od trzech lat, wcigz niewiele
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wiadomo na temat zmian, jakie ten wirus powoduje w nerwach obwodowych. Do najczestszych
powiklan neurologicznych u pacjentow, ktorzy przebyli COVID 19 naleza béle i zawroty gtowy,
parestezje konczyn, drgawki, zaburzenia wechu, encefalopatia, zesp6t Guillaina-Barrego [14].
Wystepuja one u okolo 30% ozdrowiencéow z infekcji wirusem SARS-CoV-2. Czgstosé
wystepowania neuropatii nerwéw obwodowych u tych chorych nie jest znana [15].
Etiopatogeneza neuropatii w przebiegu COVID 19 pozostaje nieznana. Pod uwage bierze si¢
teori¢ molekularnej mimikry 1 dysregulacje ukladu immunologicznego. U pacjentow
z neuropatia w przebiegu COVID 19 wykazano, ze dochodzi do zwigkszonej produkcji
interleukiny 2 (IL-2), interleukiny 7 (IL-7), interferonu gamma (INF-gamma), czynnika
martwicy nowotworoéw alfa (TNF-alfa) [16]. Nie wiadomo w jaki sposdb wirus przenika do
osrodkowego uktadu nerwowego. Dotychczas wyizolowano wirus SARS-CoV-2 z plynu
moézgowo-rdzeniowego jedynie w przypadku dwoch chorych z COVID 19 [17]. Za najbardziej
prawdopodobne uwaza si¢ wsteczny transport wirusa wzdluz zainfekowanych nerwoéw,
wnikanie wirusa przez opuszke¢ wechowa, infekcj¢ $rodbtonka naczyniowego lub migracje
zainfekowanych leukocytow przez bariere krew-mozg [18]. Istnieja takze doniesienia naukowe
pokazujace, ze niedobor cynku moze mie¢ wpltyw na rozwdj powiktan po COVID 19 [19].
Brakuje publikacji opisujacych powiklania dotyczace obwodowego ukladu nerwowego po
infekcji wirusem SARS-CoV-2. Konieczne jest zbadanie, jakie zachodza zmiany w nerwach
obwodowych u tych chorych, przy zastosowaniu nowoczesnych technik diagnostycznych,

takich jak elektroneurografia.

Przedstawiona rozprawa doktorska to cykl publikacji dotyczacy najwazniejszych
probleméw wspodiczesnej neurofizjologii. Zarowno neuropatia cukrzycowa jak 1 neuropatia
zwigzana z COVID 19, to wazne zagadnienia wymagajace dalszych badan. Neuropatia
cukrzycowa jest najczg¢stszym powiklaniem neurologicznym cukrzycy. Choruje na nig okoto
500 mln ludzi na $wiecie i ta liczba prawdopodobnie bedzie si¢ zwigksza¢ z powodu coraz
wiekszej zapadalno$ci na cukrzyce. Z uwagi na brak prostego, obiektywnego i opartego na
kryteriach elektrofizjologicznych systemu klasyfikacji stopnia jej nasilenia, podj¢to probe
opracowania takiej skali. Pozwoli ona na lepsze monitorowanie przebiegu DSNP i efektow jej
leczenia. Neuropatia w przebiegu COVID 19 jest drugim waznym zagadaniem, ktore

wymagato zbadania. Z uwagi na fakt, ze pierwsze przypadki COVID 19 zarejestrowano dopiero
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w 2019 roku i jest to choroba wystgpujaca w populacji od niedawna, wcigz niewiele o niej
wiadomo. Wirus ma dzialanie neurotropowe i wywotuje zmiany w osrodkowym i obwodowym
uktadzie nerwowym. Brakuje informacji odnos$nie charakteru zmian w nerwach obwodowych.
Konieczne sa jasne wytyczne dla neurologdéw i1 neurofizjologdw pomagajace w diagnostyce
choroby. W przypadku obu jednostek chorobowych konieczne jest opracowanie prostego,
opartego na elektrofizjologicznych kryteriach systemu klasyfikacji nasilenia zmian w nerwach

obwodowych. Umozliwitoby to lepsze monitowanie i leczenie tych jednostek chorobowych.
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CEL PRACY

Celem pracy bylo udowodnienie hipotezy, ze w przypadku DSNP w pierwszej kolejnosci
dochodzi do uszkodzenia wiokien czuciowych nerwéw konczyn dolnych oraz stworzenia
systemu klasyfikacji nasilenia zmian w nerwach obwodowych u chorych z cukrzyca.
Stworzenie prostego, opartego na kryteriach elektrofizjologicznych systemu klasyfikacji

stopnia ci¢zkosci DSNP, pozwolitoby na lepsze monitorowanie i leczenie tej choroby.

Kolejnym celem przedstawionych badan bylo zbadanie zmian w obwodowym uktadzie
nerwowym u chorych, ktérzy przebyli COVID 19. Z uwagi na fakt, Zze przybywa chorych
zglaszajacych objawy neurologiczne po infekcji SARS-CoV-2, konieczne bylo zbadanie
wplywu tego wirusa na neurony. Umozliwiloby to poprawe monitorowania oraz leczenia
chorych z neuropatia po COVID 19, a neurofizjologom dostarczyloby informacji na temat

nieprawidlowosci, jakie mozna zaobserwowa¢ w badaniu neurograficznym u tych chorych.
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MATERIAL I METODY

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

scoring system based on electroneurography findings

W pierwszym badaniu w grupie badanej znalazlo si¢ 113 pacjentow z dystalng
symetryczng polineuropatia cukrzycowa. Srednia wieku w tej grupie wyniosta 59.27 lat.
W grupie kontrolnej znalazto si¢ 61 zdrowych ochotnikéw. Srednia wieku w tej grupie
wyniosta 41.70 lat. Z badania wylaczono pacjentdw z innymi niz cukrzyca przyczynami
uszkodzenia nerwéw obwodowych, takimi jak naduzywanie alkoholu, leczenie onkologiczne,
choroby nerek lub tarczycy. U wszystkich 0osob wykonano badanie elektroneurograficzne
nerwow posrodkowego, lokciowego, tydkowego, piszczelowego 1 strzatkowego.
Rozmieszczenie elektrod bylo standardowe [20]. Oceniano amplitude¢ odpowiedzi, szybko$¢
przewodzenia, latencj¢ dystalng oraz latencj¢ fali F. Wyniki porownywano w obu grupach przy

uzyciu metod statystycznych, takich jak test t Student oraz U Mann-Whitney test.

Electroneurographical changes in peripheral nerves in patients post-COVID

W drugim badaniu do grupy badanej wiaczono 45 chorych, ktérzy przebyli COVID 19
maksymalnie do 6 miesiecy od infekcji SARS-CoV-2. Srednia wieku w tej grupie wyniosta
54.4 lata. U wszystkich badanych wystapily objawy uszkodzenia nerwow obwodowych, takie
jak: parastezje, zaburzenia czucia, oslabienie sity mig¢$niowej konczyn. Pacjenci w grupie
badanej przebyli infekcje COVID 19 potwierdzong testem PCR o lekkim lub §rednim nasileniu.
Pacjenci z cigzkim przebiegiem COVID 19 byli wykluczeni z badania z uwagi na mozliwos¢
wspotistnienia neuropatii stanu krytycznego. Z badania wylaczono osoby z potencjalnymi
przyczynami uszkodzenia nerwoéw obwodowych, takich jak cukrzyca, niedobor B12,
alkoholizm, leczenie onkologiczne. W grupie kontrolnej znalazlo si¢ 45 zdrowych ochotnikow.

Srednia wieku dla tej grupy wyniosta 52.6 lat. Pacjenci z tej grupy mieli wykonane badanie
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elektroneurograficzne w latach 2014-2018, kiedy infekcja COVID 19 nie wystgpowata
w populacji ludzkiej. W obu grupach wykonano badanie elektroneurograficzne wtokien nerwu
posrodkowego, tokciowego, strzatkowego 1 lydkowego. Rozmieszczenie elektrod byto typowe
[20]. Oceniano parametry: amplituda odpowiedzi, szybkos¢ przewodzenia, latencja dystalna
i latencja fali F w obu grupach. Wartosci tych parametrow pordéwnywano za pomocg testu

U Mann-Whitney.
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WYNIKI

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

scoring system based on electroneurography findings

Analiza przeprowadzona przy uzyciu testu U Mann-Whitney i testu t Student wykazata,
ze zarowno amplituda odpowiedzi jak i szybko$¢ przewodzenia we widknach czuciowych
nerwu tydkowego, strzatkowego, posrodkowego i lokciowego byty nizsze w poréwnaniu do
grupy kontrolnej. Analiza wykonana przy uzyciu tych samych metod statystycznych, wykazata
takze obnizenie amplitudy odpowiedzi, zwolnienie szybko$ci przewodzenia, wydtuzenie
latencji dystalnej oraz latencji fali F we wldknach ruchowych nerwu strzalkowego,
piszczelowego, posrodkowego i lokciowego w poréwnaniu do grupy kontrolnej. Bazujac na
tych danych, opracowano kryteria diagnostyczne uszkodzenia dla wszystkich badanych
nerwéw (tabele 1-5). Srednia amplituda odpowiedzi czuciowej w grupie badanej byta
statystycznie znaczaco nizsza w poréwnaniu do grupy kontrolnej w przypadku wszystkich
nerwow objetych badaniem. Najwigksza redukcje amplitudy odpowiedzi zaobserwowano we
wioknach czuciowych nerwu strzatkowego (72.8%, p<0.005) (tabela 1). Srednia amplituda
odpowiedzi we witdknach ruchowych wszystkich badanych nerwéw byla znamiennie
statystycznie nizsza w poréwnaniu do grupy kontrolnej. Najwigksza redukcj¢ amplitudy
odpowiedzi we wtdknach ruchowych zaobserwowano w przypadku nerwu strzatkowego (45%,
p<0.005) (tabela 2). Srednia szybko$é przewodzenia w grupie badanej w przypadku wiokien
czuciowych wszystkich badanych nerwoéw byla statystycznie nizsza w poréwnaniu do grupy
kontrolnej. Najwigksza redukcja szybkosci przewodzenia zostata zaobserwowana we wldknach
czuciowych nerwu posrodkowego (19.6% p<0.005) (tabela 3). Srednia szybkosé¢ przewodzenia
we widknach ruchowych byla statystycznie nizsza w przypadku wszystkich badanych nerwow
w porownaniu do grupy kontrolnej. Najwigksza redukcje szybkosci przewodzenia
w porownaniu do grupy kontrolnej zaobserwowano w przypadku nerwu posrodkowego
(12.38%) 1 strzatkowego (12.17%) (p<0.005). W prezentowanym badaniu najwigksza roznice

w parametrach przewodzenia w grupie badanej w poréwnaniu z grupa kontrolng
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zaobserwowano w przypadku amplitudy odpowiedzi, zarowno we widknach czuciowych jak

1 ruchowych wszystkich badanych nerwéw. Najbardziej czulym parametrem uszkodzenia

obwodowego uktadu nerwowego bylo obnizenie amplitudy odpowiedzi we widknach

czuciowych nerwu strzalkowego. W przypadku pozostatych badanych nerwéw redukcja

amplitudy odpowiedzi byla takze znamienna statystycznie, zar6wno we witdknach czuciowych

jak i ruchowych. W przypadku szybkosci przewodzenia, latencji dystalnej i latencji fali F

réznice pomig¢dzy grupa badang a kontrolng nie byty tak wyrazne. Na podstawie tych danych

opracowano prosty system klasyfikacji nasilenia zmian w DSNP (tabela 5).

Tabela 1. Amplitudy potencjatéw czuciowych w grupie badanej (uV) Mann-Whitney U test.

Cl - Cl Znamiennos$¢
Nerw: Grupa: n M Me Q1 Q3
95% | 95% statystyczna:
badana 113 | 12,82 | 1051 | 1512 | 10,00 | 4,00 | 18,00 [ =5 58615,
Posrodkowy
kontrolna 61 | 20,87 | 18,52 | 23,23 | 20,00 | 15,00 | 23,00 | P=0,000000
badana 110 | 12,86 | 10,36 | 1536 | 9,00 | 5,00 | 16,00 [ =g 72478,
Lokciowy
kontrolna 61 | 22,96 | 20,83 | 25,09 | 23,00 | 17,00 | 27,00 | P=0,000000
badana 113 | 3,19 | 258 | 380 200| 050| 500 y=g56103,
Strzatkowy
kontrolna 61| 10,73 | 9,72 | 11,75 | 9,00| 7,30 | 14,00| P=0,000000
U=-8,37706,
badana 112 | 491| 398| 583 | 400| 1,00| 8,00
p=0,000000
Lydkowy
U=—8,37706,
kontrolna 61| 13,11 | 11,63 | 1459 | 9,00 | 12,00 | 16,00
p=0,000000
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Tabela 2. Amplitudy ruchowego potencjatu czynno$ciowego w grupie badanej w poréwnaniu

do kontrolnej (mV) Nerw Mann-Whitney U test.

Cl- Cl Znamienno$¢
Nerw: Grupa: n M Me Q1 Q3

95% | 95% statystyczna:
badana 112 | 707 | 661| 754| 690 560 | 880 y=-231339

Posrodkowy B
kontrolna 61| 831| 7,62| 9,00| 7,80| 6,00 10,30 | P=0,020702
badana 110 | 887 | 826| 947| 935| 7,10| 11,20 | \y=-404598
Lokciowy ] : :
kontrolna 61| 10,93 | 10,43 | 11,43 | 11,00 | 9,40 | 12,20 P=0,000052
badana 113 | 794 | 695| 893| 810| 4,00| 11,20 | \=-721846
Strzatkowy : :
kontrolna 61 | 14,62 | 13,46 | 15,78 | 14,70 | 11,00 | 17,90 [ P=0,000000
badana 113 | 373 | 329| 417 | 350 | 210 | 560 | (j=354290
Piszczel , ;
S2CZEOW | kontrolna | 61| 504 459| 549| 470| 400| 570| p=0,000396

Tabela 3. Szybko$¢ przewodzenia we widknach czuciowych w grupie badanej poréwnaniu do

kontrolnej (ms) Mann-Whitney U test (nerw posrodkowy i tokciowy) oraz t Student t test (nerw

tydkowy i strzatkowy).
Cl - Cl Znamienno$¢
Nerw: Grupa: n M Me Q1 Q3
95% | 95% statystyczna:
badana 98 | 44,79 | 4355 | 46,02 | 4500 | 40,00 | 49,00 | =g 28889,
Posrodkowy
kontrolna 61 | 55,72 | 54,64 | 56,81 | 56,00 | 52,00 | 59,00 | P=0,000000
_ badana 07 | 43,27 | 42,17 | 44,36 | 43,00 | 40,00 | 47,00 [ =g 56644,
Lokciowy
kontrolna 61 | 54,25 | 53,25 | 55,25 | 54,00 | 51,50 | 57,00 | P=0,000000
badana 84 | 41,48 | 40,29 | 42,67 | 42,00 | 37,50 | 4500 | =g 05508,
Strzatkowy
kontrolna 61 | 48,50 | 47,29 | 49,72 | 48,00 | 45,00 | 52,00 | P=0,000000
badana 85 | 42,56 | 41,48 | 43,65 | 43,00 | 39,00 | 46,00 | =7 14204
Lydkowy
kontrolna 61 | 48,12 | 47,09 | 49,15 | 48,00 | 45,00 | 50,00 | P=0,000000
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Tabela 4. Szybkos¢ przewodzenia we widknach ruchowych w grupie badanej w poréwnaniu

do grupy kontrolnej Mann-Whitney U test.

Cl - Cl Analiza
Nerw: Grupa: n M Me Q1 Q3
95% | 95% statystyczna:
badana 110 | 51,43 | 50,26 | 52,60 | 52,00 | 48,00 | 55,00 | =-7.99026,
Posrodkowy
kontrolna 61 | 58,70 | 57,84 | 59,56 | 58,00 | 56,00 | 61,00 | P=0,000000
badana 108 | 53,44 | 52,09 | 54,79 | 53550 | 50,00 | 58,00 | =-3 59515,
Lokciowy
kontrolna 61 | 57,68 | 56,27 | 59,09 | 58,00 | 53,00 | 61,00 | P=0,000324
_ badana 101 | 40,18 | 39,14 | 41,23 | 41,00 | 37,00 | 44,00 | =7 86278,
Piszczelowy
kontrolna 61 | 47,45 | 46,38 | 48,51 | 47,00 | 44,00 | 50,00 | P=0,000000
badana 101 | 42,62 | 41,52 | 43,73 | 44,00 | 39,00 | 46,00 | y=-655305,
Strzatkowy
kontrolna 61| 4853 | 4745 | 49,61 | 48,20 | 46,00 | 51,00 | P=0,000000

Tabela 5. DSPN system oceny nasilenia zmian.

Nasilenie zmian w neuropatii Kryteria

Stopien I (minimalny) Obnizenie amplitudy odpowiedzi czuciowej we wioknach
nerwu strzatkowego i tydkowego.

Stopien II (tagodny) Obnizenie amplitudy odpowiedzi czuciowej w nerwach
lydkowym i strzatkowym i amplitudy odpowiedzi czuciowej
w przynajmniej jednym nerwie konczyny gorne;j.

Stopien III ($redni) Obnizenie amplitudy odpowiedzi czuciowej w nerwach
lydkowym i strzalkowym i amplitudy odpowiedzi czuciowej
w przynajmniej jednym nerwie konczyny gornej. Dodatkowo
obnizenie amplitudy odpowiedzi ruchowej w nerwie
piszczelowym lub strzatkowym.

Stopien IV (cigzki) Obnizenie amplitudy odpowiedzi czuciowej w nerwach
tydkowym i strzatkowym i amplitudy odpowiedzi czuciowej
w przynajmniej jednym nerwie konczyny gornej. Dodatkowo
obnizenie amplitudy odpowiedzi ruchowej w nerwie
piszczelowym lub strzatkowym, a takze w posrodkowym lub
tokciowym.

Stopien V (bardzo cigzki) Brak odpowiedzi z wiokien czuciowych i ruchowych konczyn
dolnych oraz wiokien czuciowych nerwow konczyn gormych.
Odpowiedz z widkien ruchowych nerwoéw konczyn goérnych
moze by¢ obserwowana.
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Electroneurographical changes in peripheral nerves in patients post-COVID

Analiza wykazala znamienne statystycznie obnizenie amplitudy oraz szybkosci
przewodzenia zarbwno we wldknach czuciowych jak i ruchowych nerwu posrodkowego
(p<0.001). Podobne zmiany wystapity w przypadku latencji dystalne;j i latencji fali F, ktéra byta
znamiennie statystycznie bardziej wydluZzona w poréwnaniu z grupa kontrolng (p<0.001).
Parametrem, ktory najbardziej roznit si¢ w stosunku do grupy kontrolnej byta szybkos¢
przewodzenia (r=0.93). W przypadku nerwu lokciowego zaobserwowano znamienne
statystycznie obnizenie amplitudy oraz szybkosci przewodzenia zaréwno we widknach
czuciowych jak i ruchowych. Podobne zmiany wystapity w przypadku latencji dystalnej
i latencji fali F, ktora byta znamiennie statystycznie bardziej wydhuzona w poréwnaniu z grupa
kontrolng (p<0.001). Parametrem, ktéry najbardziej roznit si¢ w stosunku do grupy kontrolne;j

byta szybkos¢ przewodzenia (r=0.91).

Analiza statystyczna wykazala znamienne statystycznie obnizenie amplitudy oraz
szybkosci przewodzenia we witdknach czuciowych nerwu tydkowego (p<0.001). Parametrem,

ktory najbardziej roznit si¢ w stosunku do grupy kontrolnej byta amplituda odpowiedzi (r=1.0).

Analiza statystyczna wykazala znamienne statystycznie obnizenie amplitudy oraz
szybkos$ci przewodzenia we widknach ruchowych nerwu piszczelowego (p<0.001). Podobne
zmiany wystapity w przypadku latencji dystalnej 1 latencji fali F, ktéra byla znamiennie
statystycznie bardziej wydtuzona w poréwnaniu z grupa kontrolng (p<0.001). Parametrem,
ktéry najbardziej roznit si¢ w stosunku do grupy kontrolnej byla szybko$¢ przewodzenia
(r=0.79). Wartos$ci obliczen dla parametréw przewodzenia w poszczegdlnych nerwach w grupie

badanej i kontrolnej przedstawione sg w tabelach 6-10.
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Tabela 6. Porownanie wartosci parametrOw przewodzenia w nerwie posrodkowym przy

zastosowaniu testu U Manna-Whitney’a.

U )/, r

Amplituda odpowiedzi czuciowej [LV] 332.5 oAk <.001 0.67
Szybkos¢ przewodzenia we wtoknach

) 75.5 ok <.001 0.93
czuciowych [m/s]
Latencja dystalna [ms] 321.5 oAk <.001 0.68
Amplituda odpowiedzi ruchowej [mV] 659.5 *x 0.007 0.33
Szybkos¢ przewodzenia we wtoknach

352.0 ok <.001 0.64

ruchowych [m/s]
Latencja fali F [ms] 575.0 Hokx <.001 0.42

Tabela 7. Poréwnanie warto$ci parametrOw przewodzenia w nerwie lokciowym przy

zastosowaniu testu U Manna-Whitney’a.

U y r

Amplituda odpowiedzi czuciowej [LV] 383.0 ok <.001 0.58
Szybkos¢ przewodzenia we wtoknach

) 80.5 roxck <.001 0.91
czuciowych [m/s]
Latencja dystalna [ms] 572.0 ok 0.002 0.38
Amplituda odpowiedzi ruchowej [mV] 621.5 ok 0.009 0.33
Szybko$¢ przewodzenia we widknach

263.5 ok <.001 0.71

ruchowych [m/s]
Latencja fali F [ms] 642.0 * 0.015 0.30
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Tabela 8. Poroéwnanie warto$ci parametréw przewodzenia w nerwie strzatkowym przy

zastosowaniu testu U Manna-Whitney’a.

U D r
Amplituda odpowiedzi czuciowej [LV] 38.0 HoAk <.001 0.96
Szybkos¢ przewodzenia we wtoknach
) 353.5 HoHk <.001 0.65
czasiowych [m/s]
Latencja dystalna [ms] 730.5 * 0.023 0.28
Amplituda odpowiedzi ruchowej [mV] 440.5 oAk <.001 0.56
Szybkos¢ przewodzenia we wtoknach
271.0 HoHk <.001 0.73
ruchowych [m/s]
Latencja fali F [ms] 641.0 ** 0.003 0.37

Tabela 9. Poroéwnanie wartosci parametrow przewodzenia w nerwie tydkowym przy

zastosowaniu testu U Manna-Whitney’a.

U D r
Amplituda odpowiedzi [uV] 0.0 ok <.001 1.00
Szybkos¢ przewodzenia [m/s] 172.0 ok <.001 0.82

Tabela 10. Porownanie warto$ci parametrOw przewodzenia w nerwie piszczelowym przy

zastosowaniu testu U Manna-Whitney’a.

U y r
Latencja dystalna [ms] 931.5 0.634 0.06
Amplituda odpowiedzi [mV] 532.5 ok <.001 0.46
Szybkos$¢ przewodzenia [m/s] 209.5 ok <.001 0.79
Latencja fali F [ms] 577.0 oAk <.001 0.42
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PODSUMOWANIE I WNIOSKI

Badanie elektrofizjologiczne odgrywa wazng role w diagnostyce i monitorowaniu
postepu choroby u chorych z uszkodzeniem obwodowego ukladu nerwowego w przebiegu
COVID 19 i cukrzycy. W zaprezentowanym badaniu wykazano, ze infekcja wirusem SARS-
CoV-2 moze wigza¢ si¢ z uszkodzeniem nerwoéw obwodowych. Zaobserwowano redukcje,
zarowno amplitudy odpowiedzi jak 1 szybkosci przewodzenia, zaréwno we wloknach
czuciowych jak i ruchowych wszystkich badanych nerwéw w konczynach goérnych i dolnych
u chorych, ktorzy przebyli COVID 19. Latencja dystalna i latencja fali F byly znaczaco
statystycznie wydtuzone w grupie badanej w porownaniu do grupy kontrolnej. Najwicksze
zmiany wystepowaly w przypadku nerwu tydkowego. Tego typu odchylenia w badaniu
elektrofizjologicznym s3 typowe dla polineuropatii. Badanie wykazato, ze u chorych z COVID
19 dochodzi zaré6wno do zmniejszenia liczby aksonéw jak i do uszkodzenia ostonek
mielinowych. Jest to zgodne z danymi zawartymi w literaturze, gdzie w przypadku chorych
z polineuropatiag po COVID 19 wystepowaly zmiany zar6wno we widknach czuciowych jak
i ruchowych badanych nerwéw oraz mialy charakter symetryczny [15]. Dalszych badan
wymaga wyjasnienie mechanizmu, w ktorym wirus SARS-CoV 2 uszkadza obwodowy uktad
nerwowy. Do tej pory jedynie u dwoch osob z COVID 19 potwierdzono obecnos¢ wirusa
w plynie mozgowo-rdzeniowym [14]. Koniczne jest takze opracowanie systemu klasyfikacji

nasilenia neuropatii, ktéry pozwalatby na monitorowanie efektow leczenia w tej grupie chorych.

Odpowiedni system klasyfikacji polineuropatii cukrzycowej jest bardzo przydatny
w codzienne] praktyce lekarzy neurologéw. Utatwitby monitorowanie przebiegu choroby
i efektow leczenia u chorych z DSNP. Wiekszo$¢ skal oceniajagcych nasilenie zmian
w polineuropatii opiera si¢ na kryteriach, takich jak: zaburzenia czucia, zaburzenia funkcji
motorycznych, obecnosci odruchéw gtebokich w badaniu neurologicznym [20]. Sa to kryteria
subiektywne, przez co skale te moga by¢ mato precyzyjne. Z tego powodu wiele z utworzonych
skal, majacych na celu oceng nasilenia zmian w polineuropatii cukrzycowej, nie jest uzywanych
w codziennej praktyce klinicznej. Badanie elektroneurograficzne cechuje si¢ wysoka czulo$cia,
co pozwala na precyzyjne monitorowanie przebiegu choroby. Zaprezentowana skala jest oparta
wytacznie na kryteriach elektrofizjologicznych 1 najlepiej odzwierciedla progresje choroby
u chorych z DSNP. Konieczne sg dalsze badania oceniajagce mozliwo$¢ zastosowania tej skali

w przypadku polineuropatii o innej etiologii.
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ZALACZNIKI

OPINIA KOMISJI BIOETYCZNEJ

Komisja Bioetyczna
przy Warszawskim Uniwersytecie Medycznym

Tel.: 022/57-20-303 ul. Zwirki i Wigury nr 61
Fax: 022/57-20-165 02-091 Warszawa

& X & <
bt g e 1809 \QV e-mail: komisja.bioetyczna@wum.edu.pl
T pudv www.komisja-bioetyczna.wum.edu.pl

Warszawa, dnia 09.10 2023
) 4
AKBE/ 11 /2023

Lek. Jakub Stepien
Praktyka Lekarska
ul. Ktobucka 23C lok.106
02-699 Warszawa

OSWIADCZENIE

Niniejszym oswiadczam, ze Komisja Bioetyczna przy Warszawskim Uniwersytecie
Medycznym w dniu 09 pazdziernika 2023 r. przyjeta do wiadomosci informacj¢ na temat
badania pt ”Symetryczna polineuropatia dystalna (DSNP) u pacjentéw z cukrzyca-
propozycja nowej klasyfikacji opartej na badaniu elektrofizjologicznym.”

Przedstawione badanie nie stanowi eksperymentu medycznego w rozumieniu art. 21ust.1
ustawy z dnia 5 grudnia 1996 r. o zawodach lekarza i lekarza dentysty (Dz.U.z2018 r
poz. 617) i nie wymaga uzyskania opinii Komisji Bioetyczne]j przy Warszawskim
Uniwersytecie Medycznym, o ktérej mowa w art. 29 ust.] ww. ustawy.

ZWoeWcznej

Prof. dr Jtab. n. med. Magdalena Kuzma —Kozakiewicz

Przewodni
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KPMISJA BIOETYCZNA
rzy Nojskowym Instytucie Modycm\’\m
ox41 Warszawa 44, ul. Szaserow ‘«:“
Regon: 015294487; NIP 113-23-03- 1
tel. 261 817 380

UCHWALA NR 14/W1M/2021

Komisji Bioetycznej przy Wojskowym Instytucie Medycznym

z dnia 21.04.2021 r.

W sprawie wyrazenia opinii o projekcie badania klinicznego zgloszonego przez:

lek. Jakuba STEPNIA

zatrudnionego W Szpitalnym Oddziale Ratunkowym Centralnego Szpitala Klinicznego
Ministerstwa  Obrony Narodowej Wojskowy Instytut Medyczny, ul. Szaseréw 128, 04-141

Warszawa.

Na podstawie art. 29 ust. 2 ustawy z dn. 5 grudnia 1996 roku o zawodzie lekarza (Dz. U. z 1997
r. Nr 28, poz. 152 z pézn. zm.) oraz § 6 ust. 5 rozporzadzenia Ministra Zdrowia i Opieki
Spolecznej z 11 maja 1999 roku w sprawie szczegétowych zasad powotywania i finansowania
oraz trybu dziatania komisji bioetycznych (Dz. U. Nr 47, poz. 480) uchwala sig, co nastepuje:

§1

Komisja Bioetyczna Wojskowego Instytutu Medycznego — zwanej dalej ,,Komisjg” w sktadzie:

Przewodniczacy:
Wiceprzewodniczacy:
Czionkowie:

Pielegniarka:
Kapelan:

prof. dr hab. med. Dariusz Jurkiewicz
mec. Andrzej Niewiadomski

plk prof. dr hab. med. Marek Rekas
prof. dr hab. med. Piotr Rzepecki

prof. dr hab. med. Adam St¢pien

prof. dr hab. med. Karina Jahnz-Rézyk
prof. dr hab. med. Witold Tlustochowicz
dr hab. med. Andrzej Cwetsch

dr hab. med. Andrzej Chcialowski

dr hab. med. Renata Duchnowska

dr hab. med. Agnieszka Wozniak - Kosek
pik dr hab. med. Witold Owczarek

dr n. o zdr. (mgr piel.) Olga Dembicka
ks. dr Jan Dohnalik
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zapoznala si¢ z projektem badania klinicznego pt.: ,Ocena wplywu przezczaszkowej
stymulacji magnetycznej na ukrwienie i utlenowanie mézgu oraz funkcjonowanie
obwodowego ukladu nerwowego u pacjentow post — COVID 2z jednoczesnym
wykorzystaniem nieinwazyjnej techniki spektroskopii w bliskiej podczerwieni oraz

elektroneurografii”

do ktérego dotgczone zostaly nastepujace dokumenty:

e Informacja o badaniu,
e Informacja dla pacjenta,
e Formularz $wiadomej zgody na udziat w badaniu.

§2

Badanie finansowane jest ze sSrodkéw wiasnych.

§3

Komisja przeanalizowata projekt, o ktérym mowa § 1 w oparciu o Deklaracj¢ Helsinska z roku
1996 i zasady opracowane przez Uni¢ Europejska pt.: ,,Good Clinical Practice for Trials on
Medicinal Products in the European Community. The Rules Governing Medicinal Products in the
European Community”, Vol. III, 1990, zatwierdzone przez Komisj¢ Etyczng w Polsce od 1

stycznia 1993 roku.

§4

Kazde powazniejsze powiktanie nie wchodzace w zakres znanych i moggcych wystapi¢ skutkéw
leczenia badanym lekiem, powinno by¢ natychmiast zgloszone Komisji Bioetycznej. Komisja
zastrzega sobie zmiane badan lub ich wstrzymanie.

§5

Kazde pojedyncze badanie musi byé poprzedzone wyjasnieniem przez lekarza pacjentowi o
zakresie badan klinicznych i wymaga podpisu przez pacjenta i lekarza protokotu $wiadomej
zgody. Po zakoficzeniu badan Zespél prowadzacy projekt zobowigzany jest dotaezy¢ do badania
opublikowane koficzace opracowanie.
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§6

Komisja:
1) oceniajac pod wzgledem etycznym, celowosci oraz wykonalno$é projektu badania klinicznego

dotyczacego: ,,Ocena wplywu przezczaszkowej stymulacji magnetycznej na ukrywanie i
utlenowanie moézgu oraz funkcjonowania obwodowego ukladu nerwowego u pacjentéw post
- COVID z jednoczesnym wykorzystaniem nieinwazyjnej techniki spektroskopii w bliskiej

podczerwieni oraz elektroneurografii”,

2)na pods'tawie opinii Recenzenta o projekcie i cztonkéw Komisji,
postanawia wyrazi¢ pozytywng opini¢ o wymienionym w § 1 projekcie badania.

§7

Uchwala wchodzi w Zycie z dniem podjecia i obowiazuje w okresie trwania badania tj. do
wrze$nia 2021 roku.

Uchwalg podjgto w gtosowaniu tajnym.

Za przyjeciem opinii glosowato A{, cztonkéw Komisji.

Za odrzuceniem opinii glosowato ....7.... cztonkow Komisji.

W glosowaniu, ktére odbylo si¢ droga elektroniczng i w ktérym uczestniczyta ponad potowa
cztonkéw Komisji pod przewodnictwem przewodniczacego z udziatem, co najmniej dwoch

cztonkéw Komisji niebedacych lekarzami.

PRZEWODNICZACY
KOMISJI BIOETYCZNEJ PRZY
ig N
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/
'SJA BIOETYCZNA
jskowym Instytucie Medycznym
1 Warszawa 44, ul. Szaserow 128
n\n 015294487, NIP 113-23-83-221 '
v 1el, 261 817 380 LISTA

obecnosci na posiedzeniu Komisji Bioetycznej przy WIM

w dn. 21.04.2021 roku (glosowanie internetowe)

1/ prof. dr hab. med. Dariusz Jurkiewicz

2/ mec. Andrzej Niewiadomski

3/ prof. dr hab. med. Piotr Rzepecki,

4/ prof. dr hab. med. Adam Stepien

5/ prof. dr hab. med. Karina Jahnz — R6zyk
6/ prof. dr hab. med. Witold Thustochowicz
7/ dr hab. med. Andrzej Chciatowski

8/ dr hab. med. Andrzej Cewtsch

9/ prof. dr hab. med. Renata Duchnowska
10/ dr hab. med. Agnieszka WozZniak-Kosek
11/ dr n. o zdr. (mgr piel.) Olga Dembicka
12/ ks. dr Jan Dohnalik

13/ mgr farm. Ewa Pomorska

Potwierdzam zgodnos¢

JURKIE
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Jakub Stepien
E-mail: jakub.stepien@o2.pl Background. Neuropathy affects 259% of people with diabetes mellitus. The evaluation of disease severity

isstill a challenge for modern medicine. Many screening instruments are based primarily on clinical criteria.

FTRHIg Soues There is a lack of a simple, reliable and precise scoring system that could improve the classification of neuropa-
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thy and monitor disease progression using not only clinical criteria but also electroneurography. There is aneed
Conflict of interest tofind sensitive neurography parameters that reflect peripheral nerve impairments in this group of patients.
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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
Received on December 20, 2022 of patients with diabetes mellitus.
Reviewed on April 5, 2023

Accepted on June 19, 203 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

Published online on July 24, 2023 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.!'* 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.>¢ 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.” Pathophysiology
of the disease remains elusive, but nerve biopsies from
patients with diabetic neuropathy revealed degeneration
of both myelinated and unmyelinated fibers.!°-!? 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.’*1* Tryptophan isan endog-
enous amino acid necessary for protein synthesis and
a precursor to the synthesis of bioactive molecules, in-
cluding nicotinamide adenine dinucleotide.'® It undergoes
transformations, leading to the formation of kynurenines,
the role of which is to regulate the excitability of neurons
as wellas the response of immune cells.” Kynurenine has
arole in processing neurogenic inflammation by affecting
glutamate receptors.’8-2

In another study, the increased plasma levels of proin-
flammatory factors such as tumor necrosis factor alpha
(TNF-a) and intercellular adhesion molecule 1 (ICAM-1)
were connected to polyneuropathy incidence in diabetes
patients.”! 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-p)
production is more intense than in healthy patients.”>*
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.?* A clinical inves-
tigation of nerve biopsies in neuropathic patients revealed
upregulated TNF-a expression in human Schwann cells.”

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.26-2 Other forms of neuropathy that occur in diabetes
mellitus include mononeuropathies, cranial neuropathies,
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plexopathies, radiculopathy, amyotrophy, autonomic neu-
ropathy, and small fiber neuropathy. Moreover, chronic
inflammatory demyelinating neuropathy is more common
in diabetic patients.??-3>

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 alack 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.33:3%

Objectives

This study aimed to confirm the hypothesis that DSPN
affects primarily sensory nerve fibers in the legs and leads
mainly to axonal loss.*>3¢ 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.’” 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.3®

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/W1M/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 5" finger, while
for the median nerve, it was placed on the 2™ 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.***® Motor and sensory
NCSs were performed in an environment with a tem-
perature of 21-25°C, as are the optimal parameters for
electroneurography.!

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 ofam-
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 [V] using Mann-Whitney U test

Group A 95% Cl 95% Cl Statistical significance
investigated 13 12.82 1051 15.12 10.00 400 1800
Median U=-558615, p = 0000000
control 61 20.87 1852 2323 20.00 15.00 2300
investigated 110 12.86 1036 15.36 900 500 16.00
Ulnar U=-672478, p = 0.000000
control 61 22.9% 2083 25.09 23.00 17.00 2700
investigated 13 319 258 380 200 050 5.00
Peroneal U=-956193, p = 0.000000
control 61 10.73 9.72 11.75 900 7.30 1400
investigated il 491 398 583 400 1.00 8.00
Sural U= -837706, p = 0.000000
control 61 131 1163 14.59 12.00 9.00 16.00

95% Cl — 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

Group e Ql Statistical significance
investigated 112 7.07 661 754 6.90 560 8.80
Median U =-2.31339, p=0.020702
control 61 831 762 9.00 7.80 600 1030
investigated 110 887 826 947 9.35 7.10 1120
Ulnar U = -4.04598, p = 0.000052
control 61 10.93 1043 1143 11.00 940 1220
investigated 113 7.94 695 893 8.10 400 1120
Peroneal U =-7.21846, p = 0.000000
control 61 14.62 1346 1578 14.70 11.00 17.90
investigated 113 373 329 417 350 210 5.60
Tibial U =-3.54290, p = 0.000396
control 61 5.04 459 549 470 400 5.70

95% Cl| - 95% confidence interval; Me — median; M — mean.
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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)

Group 95% C 95% C e o Statistical significance
investigated 98 44.79 4355 46.02 45,00 40,00 49.00
Median | U =9.28889, p = 0.000000
control 61 55.72 5464 56.81 56.00 5200 59.00
investigated 97 4327 4217 44,36 43,00 40.00 47.00
Ulnar | U =9.56644, p = 0.000000
control 61 5425 5325 55.25 54.00 51.50 57.00
investigated 84 4148 4029 4267 4200 3750 45.00
Peroneal { t =-8.05598, p = 0.000000
control 61 48.50 4729 49.72 4800 4500 52.00
investigated 85 42.56 4148 4365 43.00 39.00 46,00
Sural t=-7.14204, p = 0.000000
control 61 4812 4709 | 4915 4800 | 4500 50.00

95% Cl - 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

investigated 110 5143 50.26 52.60 5200 43,00 55.00

Median [ U =-7.99026, p = 0.000000
control 61 58.70 57.84 59.56 58.00 56.00 61.00
investigated 108 5344 52.09 54.79 5350 50.00 58.00

Ulnar | U=-359515, p = 0.000324
control 61 5768 56.27 59.09 5800 53.00 61.00
investigated 101 40.18 3914 4123 41.00 37.00 44,00

Tibial U =-7.86278, p = 0.000000
control 61 4745 4638 | 4851 47.00 44.00 50.00
investigated 101 4262 4152 4373 4400 39.00 46.00

Peroneal U =-6.55305, p = 0.000000
control 61 4853 4745 | 4961 | 4820 46.00 51.00

95% Cl - 95% confidence interval; Me — median; M — mean.

Table 5. Distal symmetrical polyneuropathy (DSPN) scoring system

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

reduction of sensory action potential amplitude of peroneal and sural nerves and of sensory fibers in at least 1 nerve

Grade Il (mild) iribper limbs

reduction of sensory action potential amplitude of peroneal and sural nerves and of sensory fibers in at least 1 nerve

Grade Il (moderate] : 2 42 i : 3 : e
( ) in upper limbs; additionally, the reduction of motor potential amplitude in peroneal or tibial nerves must be observed

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

no response from sensory and motor fibers in lower limbs and in sensory fibers in upper limbs; response in motor fibers

Grade Vi{extremal) in upper limbs may be observed

25 The mean amplitude of motor action potentials
W coritrol in the investigated group was statistically significantly
20 investigated lower in comparison to controls. The most significant
reduction of amplitude in the investigated group com-
E 15 pared to controls was observed in the peroneal nerve
3 (45%, p < 0.05 using the Mann—Whitney U test). More-
2 10 over, the values of motor action potential amplitudes for
€ tibial, peroneal, median, and ulnar nerve impairments are

5 I I presented in Table 2.
Mean conduction velocity of sensory action potentials
B in the investigated group was statistically significantly
median ulnar peroneal sural lower in comparison to controls. The most significant re-
Fig. 1. Mean amplitude of sensory action potential in investigated and duction of conduction velocity in the investigated group
control groups [JV] compared to controls was observed in the median nerve
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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.*> 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 playsan important role in the diagnosis

and disease progression monitoring, especially in patients
in the initial phases of neuropathy when symptoms can be
subtle.$-%5 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. 447
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.%4? Disease symptoms, reflexes and sensory
symptoms are found in the Toronto Clinical Neuropathy
Scoring System.*®°! 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.*>%3 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
inscreening for diabetic neuropathy, similar to the Clinical
Neuropathy Examination (CNE).*4-% 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.’’~%° 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
isa pilot study, and further studies evaluating the correla-
tion between our classification and those based on clinical
criteria are in progress.
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Abstract

Various neurological manifestations are observed in about 36.4% of patients infected with SARS-CoV-2 and post-COVID neurop-
athy is one of them. There is lack of studies describing neurophysiological abnormalities in peripheral nerves in case of patients
who had SARS-CoV-2 infection. The aim of this study was to analyze the changes in peripheral nervous system in case of
COVID-19 survivors. In the presented study, 45 COVID-19 survivors who had nerve conduction study (NCS) were involved.
Results were compared with control group consisting of healthy patients who had nerve conduction study before the COVID-19
pandemic. In our study group, neurophysiological abnormalities were present in the case of both sensory and motor nerve
fibers. The most significant reduction of NCS parameters was observed in the case of sensory action potential amplitude of sural
nerve. Moreover, that correlation was the most significant in the case of amplitude and conduction velocity in sensory and motor
neuron fibers both in arms and legs. Those abnormalities were observed even 6 mo after COVID-19. Further investigation needs
to be done regarding the polyneuropathies associated with human coronaviruses, and we should answer the question whether
the virus directly damages peripheral nerves or factors mediating inflammatory response are responsible for the neural damage.

NEW & NOTEWORTHY Various neurological manifestations are observed in about 36.4% of patients infected with SARS-CoV-2
and post-COVID neuropathy is one of them. There is lack of studies describing neurophysiological abnormalities in peripheral
nerves in case of patients who had SARS-CoV-2 infection. The aim of this study was to analyze changes in peripheral nervous

system in case of COVID-19 survivors.

coronavirus; electroneurography; nerve conduction study; neuropathy; post-COVID-19 neuropathy

INTRODUCTION

The predominant clinical presentation COVID-19 infection
is a respiratory disease with the most common complications
including pneumonia and acute respiratory distress syn-
drome. Few studies have shown that also central nervous sys-
tem (CNS) and peripheral nervous system disease caused by
SARS-CoV-2 might be more frequent than we thought before.
In another study, the most common neurological symptoms
reported in patients with COVID-19 were headache (6%), ver-
tigo (3.4%), paresthesia (3.1%), altered consciousness (2%),
hyposmia/anosmia (1.4%), and encephalitis (0.9%), cerebro-
vascular events (0.6%), seizure (0.3%), Guillain-Barré syn-
drome (GBS) (0.3%), and several case reports of Miller Fisher
syndrome and other neuropathies (1). Rhabdomyolysis, myop-
athy, myositis, myasthenia, myasthenic syndrome as well as
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polyradiculitis may also be connected to SARS-CoV-2 infection
but their incidence remains unknown (2). Although various
neurological manifestations are observed in ~36.4% of
patients infected with SARS-Cov-2, the incidence of post-
COVID neuropathy remains unknown (3). In another study,
peripheral neuropathy was observed in less than 1% of patients
with COVID-19 (4). Risk factors for neuropathy identified were
diabetes, obesity, drug use, and prolonged stay in the intensive
care unit (2). One of the most important goal of that study was
to differentiate patients with critical illness polyneuropathy
and myopathy (CIAW) from post-COVID neuropathy. CIAW is
a neuromuscular disorder that may develop in patients with
severe disease often resulting in admission to an intensive
care unit. COVID-19 infection is a risk factor of CIAW and in
case of patients with severe course of COVID-19 it may be diffi-
cult to differentiate post-COVID neuropathy from CIAW (5).
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«)) CHANGES IN PERIPHERAL NERVES

Table 1. A comparison of the ages of the study group
with the control group

Group n M SD Med Min. Max.
Age Study 45 54.4 "4 55 22 69
Control 45 526 218 54 23 87

M, mean age; Med, median age, Min., minimum age; Max, maxi-
mum age; n, number of patients; SD, standard deviation.

Etiopathogenesis of peripheral neuropathy in patients
with post-COVID is unknown. Molecular mimicry, which is
an important mechanism in creating autoimmune disorders,
may have a role in the development of COVID-19-associated
polyneuropathy. Moreover, in COVID-19 hyperinflammation
and immune system dysregulation are observed and can be
also responsible for peripheral nerves damage. Some evi-
dence suggests that hyperinflammation in case of patients
with COVID-19 is associated with increased interleukin (IL)-
2, IL-7, granulocyte-colony stimulating factor, interferon-y
inducible protein 10, monocyte chemoattractant protein 1,
macrophage inflammatory protein 1-», and tumor necrosis
factor-». All mentioned cytokines are connected to severe
disease course and are predictors of fatality rate (6-8).

CLINICAL RATIONALE FOR THE STUDY

There is a lack of studies describing neurological compli-
cations in COVID-19 survivors that were made on bigger
groups of patients with the use of nerve conduction study
(NCS). Moreover, there is a need to explore the abnormalities
in nerve conduction study (NCS) in patients with post-
COVID-19 neuropathies. The aim of this study was to analyze
changes in peripheral nervous system in case of COVID-19
survivors with neuropathy symptoms.

MATERIALS AND METHODS

The study group consisted of 45 patients (M20, W25). The
mean age in study group was 54.4 yr. The control group con-
sisted of 45 patients (M11, W34). The mean age in the control
group was 52.6 yr (Table 1).
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Figure 1. Median nerve sensory fibers. Nerve conduction velocity (m/s).
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Figure 2. Ulnar nerve sensory fibers. Nerve conduction velocity (m/s).

The study group patients who survived COVID-19 in maxi-
mal time of 6 mo before NCS study were included. All those
patients were referred to our center for evaluation of neuro-
logical symptoms of post-COVID infection. All investigated
patients reported lower limbs paresthesia and 17 patients
had upper limb paresthesia. Sensory peripheral nerve symp-
toms were present in case of 11 patients and muscle weak-
ness that started after COVID-19 infection was present in
case of three patients. COVID-19 infection was confirmed
with the use of PCR test. The study group patients with
mild to moderate SARS-Cov-2 infection were included. All
patients had respiratory tract infection with the symptoms
like fever, cough, sore throat, general weakness, and muscle
pain. Patients with severe disease course who were hospi-
talized in intensive care unit were excluded from the study.
In this group of people, peripheral nerve damage could be
connected to the presence of CIAW or to prone position dur-
ing respiratory therapy. All patients fulfilled the criteria of the
long-COVID according to NICE (9, 10). Patients treated with
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Figure 3. Fibular nerve sensory fibers. Nerve conduction velocity (m/s).
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Figure 4. Sural nerve sensory fibers. Nerve conduction velocity (m/s).

neurotoxic drugs such as daptomycin, linezolid, lopinavir,
ritonavir, hydro-chloroquine, cisatracurium, clindamycine,
and glucocorticoids were also excluded from the study due to
the possibility of inducing toxic neuropathy. Patients treated
with neurotoxic drugs as well as patients with other diseases
that could be connected to polyneuropathy such as diabetes,

vitamin B12 deficiency, or alcohol abuse were excluded from
the study. Patients were asked by the doctor about their medi-
cal history and actual symptoms to exclude diseases that
could cause polyneuropathy. Patients were kept under medi-
cal supervision by GP doctors and had periodical laboratory
tests. Patients were excluded from the study in case of abnor-
mal findings on examination of blood that could be connected
to polyneuropathy.

Patients in the study group did not have any signs and
symptoms of peripheral nerve damage before SARS-CoV 2
infection.

Control group consisted of healthy volunteers who did
not have symptoms of any neurologic disorder and abnor-
malities during neurological examination. Patients had
nerve conduction study since 2014 to 2018 when SARS-
COV-2 infection wasn’t present in the population. Those
people participated in study where nerve conduction
study was evaluated in patients with multiple sclerosis
and results were compared with control group consisted
of healthy volunteers. Patients in control group were age-
matched and sex-matched for patients in the investigated
group. Patients with any abnormalities in the neurologi-
cal examination as well as patients diagnosed with any
disorder or taking any drugs were excluded from the
study.

Bioethics committee and regulatory approval were obtained
before the study was started and in case of all patients the writ-
ten informed consent was taken.

Table 2. Basic descriptive statistics for the nerves of the upper extremities

Group n M SD Me IGR P Value
Median nerve sensory fibers response Study group 45 12.37 8.204 0.001
amplitude, pV Control group 45 30.09 18.235 =
Median nerve sensory fibers nerve Study group 45 44.62 6.213 <0.001
conduction velocity, ms Control group 45 56.03 5.01 .
Median nerve motor fibers distal la- Study group 45 3.87 0.750 <0.001
tency (between APB and wrist), ms Control group 44 343 0.428 .
Median nerve motor fibers response am- Study group 45 6.80 3.800 0.007
plitude (between APB and wrist), mV Control group 44 8.25 3.900 .
Median nerve motor fibers nerve con- Study group 45 53.75 3.936
duction velocity (between APB and Control group 44 5913 4141 <0.001
wrist), ms
Median nerve motor fibers F wave la- Study group 45 27.77 2.401 £0.001
tency, ms Control group 44 25.92 2.202 .
Ulnar nerve sensory fibers response Study group 45 12.90 6.500 ~£0.001
amplitude, uV Control group 41 25.00 28.400 .
Ulnar nerve sensory fibers nerve con- Study group 45 46.07 4.440 <0.001
duction velocity, ms Control group 41 54.58 4.187 4
Ulnar nerve motor fibers distal latency Study group 45 315 0.470 0.002
(between ADM and wrist), ms Control group 2 2.80 0.370 %
Ulnar nerve motor fibers response am- Study group 45 8.90 2.600 0.009
plitude (between ADM and wrist), mV Control group 4 10.20 2.400 :
Ulnar nerve motor fibers nerve conduc- Study group 45 54.20 3.300
tion velocity (between ADM and Control group /1 60.00 8.000 <0.001
wrist), ms
Ulnar nerve motor fibers F wave la- Study group 45 28.07 2.752 0.015
tency, ms Control group 41 26.32 2.410

Bold text—normal distribution (rest—nonnormal distribution). APB, abductor pollicis brevis; ADM, adductor digiti minimi; IQR, inter-
quartile range; M, mean; Me, median; n, number of valid observations; SD, standard deviation.
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All patients in the investigated and control group had
NCS. Both sensory and motor fibers of right median, ulnar,
fibular as well as sural nerve were investigated with the
use of NCS. Motor and sensory nerve conduction study
was performed in an environment with temperature rang-
ing between 21 and 25°C. Amplitude, conduction velocity
as well as distal latency and F-wave latency were examined
and compared with results in control group with the use of
Mann-Whitney test (11). Sensory studies were performed
antidromically. In the case of median nerve sensory action
potential, the recording electrode was placed on the sec-
ond finger while in case of ulnar nerve it was placed on the
fifth finger. The sural nerve was stimulated on the postero-
lateral aspect of the lower third of the leg and the distance
between the recording electrode and the stimulating one
was ~14 cm. Sensory nerve action potential amplitudes
were measured baseline-to-peak. In case of median nerve
motor fibers, the recording electrode was placed over the
abductor pollicis brevis muscle whereas in the case of ul-
nar nerve it was placed over the adductor digiti minimi
muscle. In case of fibular nerve, the recording electrode
was placed over the extensor digitorum brevis whereas the
abductor hallucis muscle was the placement of recording
electrode in case of tibial nerve. The distance between the
recording electrode and place of stimulation was 8 cm.
Locations of stimulating and recording electrodes in case
of all examined nerves were typical as presented in those
studies (12, 13).

RESULTS
Median Nerve

The median sensory nerve action potential amplitude in
patients with COVID-19 was lower compared with the control
group (U = 332.5, P < 0.001). Conduction velocity in sensory
fibers of median nerve was also lower compared with control
group (U = 75.5, P < 0.001) (Fig. 1). In case of median nerve
motor fibers, in study group action potential amplitude was stat-
istically lower than that in the control group as well as the con-
duction velocity (U = 659.5, P = 0.007). The same situation was
in the case of distal latency (U = 321.5, P < 0.001) as well as F-
wave latency that were statistically higher compared with con-
trol group (U = 575.0, P < 0.001). The strongest correlation
was in the case of nerve conduction velocity reduction in the
study group compared with other nerve conduction study
parameters (amplitude, distal latency, and F-wave latency)
(r=0.93).

Ulnar Nerve

Statistical analysis revealed that sensory nerve action
potential amplitude of ulnar nerve in patients with
COVID-19 was lower compared with controls (U = 383.0,
P < 0.001). Conduction velocity in sensory fibers of ulnar
nerve was also lower compared with control group (U =
80.5, P < 0.001) (Fig. 2). In case of motor fibers of ulnar
nerve in the study group, action potential amplitude was
statistically lower than that in the control group (U = 621.5,

Table 3. Basic descriptive statistics for the nerves of the lower extremities

Group n M SD Me 1GR P Value

Fibular nerve sensory fibers response amplitude, pv Study group 45 4.60 2.000 £0.001
Control group 45 8.20 3.700 .

Fibular nerve sensory fibers nerve conduction velocity, m/s Study group 45 42.50 8.100 £0.001
Control group 45 48.00 7.100 B

Fibular nerve motor fibers distal latency (between EDB Study group 45 4.29 0.700 0.023
and ankle}, ms Control group 45 3.83 0.840 .

Fibular nerve motor fibers action potential amplitude Study group 45 3.37 2139 £0.001
{between EDB and ankie), mV Control group 45 5.54 2151 :

Fibular nerve motor fibers nerve conduction velocity Study group 45 41.90 6.200 £0.001
(between EDB and ankle}, ms Control group 45 48.00 6.000 .

Fibular nerve motor fibers F wave latency, ms Study group 45 50.50 5.700 0.003
Control group 45 47.00 5.300 :

Sural nerve sensory fibers response amplitude, pvV Study group 44 4.95 2.250 £0.001
Control group 44 1215 7125 B

Sural nerve sensory fibers nerve conduction velocity, ms Study group 44 42.40 6.450 £0.001
Control group 43 49.50 7.250 -

Tiblal nerve motor fibers distal latency (between AHM Study group 44 3.61 1.047 0.634
and ankle joint}, ms Control group 45 3.61 0.930 ’

Tibial nerve motor fibers action potential amplitude Study group 44 10.00 7.000 £0.001
(between AHM and ankle joint}, mV Control group 45 13 7.000 :

Tibial nerve motor fibers nerve conduction velocity Study group 44 41.00 5.000 £0.001
(between AHM and ankle joint}, ms Control group 45 47 4.000 .

Tibial nerve motor fibers F wave latency, ms Study group 44 51.00 6.000 <0.001
Control group 45 47 5.000 .

Bold text—normal distribution (rest—nonnormal distribution). AHM, abductor hallucis muscle; EDB, extensor digitorum brevis; IQR,
interquartile range; M, mean; Me, median; #, number of valid observations; SD, standard deviation.
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P = 0.009) as well as the conduction velocity (U = 263.5,
P < 0.001). The same situation was in the case of distal la-
tency (U = 5§72.0, P = 0.002) as well as F-wave latency that
were statistically higher compared with control group (U =
642.0, P = 0.015). The strongest correlation was in the case
of nerve conduction velocity reduction in the study group
compared with controls (# = 0.91).

Fibular Nerve

The fibular sensory nerve action potential amplitude in
patients with COVID-19 was lower compared with controls
(U = 38.0. P < 0.001). Conduction velocity in sensory fibers
of fibular nerve was lower compared with control group (U=
353.5. P < 0.001) (Fig. 3). In case of motor fibers of fibular
nerve in the study group, action potential amplitude was
statistically lower than that in the control group (U = 440.5,
P < 0.001) as well as the conduction velocity (U = 271.0, P <
0.001). The same situation was in case of distal latency (U =
7305, P < 0.023) as well as F-wave latency that were statisti-
cally higher compared with control group (U = 641.0, P =
0.003). The strongest correlation was in the case of sensory
action potential amplitude reduction in the study group
compared with controls (# = 0.96).

Sural Nerve

Statistical analysis revealed that sensory nerve action
potential amplitude in patients with COVID-19 was lower
compared with controls (U = 0.0, P < 0.01). The same situa-
tion was in the case of conduction velocity that was lower
compared with the control group (U = 172.0, P < 0.01) (Fig. 4).
The strongest correlation was in the case of sensory action
potential amplitude reduction in the study group compared
with controls (#=1.0).

Tibial Nerve

The motor nerve action potential amplitude of tibial nerve
was lower in patients with COVID-19 compared with controls
(U= 5325, P < 0.001). Conduction velocity in motor fibers of
tibial nerve was also lower compared with control group (U =
353.5, P < 0.001). In the case of motor fibers of tibial nerve in
the study group, action potential amplitude was statistically
lower than that in the control group (U = 440.5, P < 0.001) as
well as conduction velocity (U = 209.5, P < 0.001). The same
situation was in the case of F-wave latency that was statisti-
cally higher than that in the control group (U = 577.0, P =
0.001). The strongest correlation was in the case of nerve
conduction velocity reduction in the study group compared
with controls (# = 0.79). The values of NCS parameters in
study and control group are presented in Tables 2 and 3.

In the study group in neurological examination, decreased
deep tendon reflexes were the most frequent abnormality.
Sensory loss or limb weakness was more rare.

Sample NCS result is presented in Fig. 5.

DISCUSSION

In the presented study. we analyzed nerve conduction
study of patients who had polyneuropathy symptoms that
started during COVID infection or to 6 mo after COVID-19
infection (in case of majority of them symptoms stared during

Right Medianus Sensory

Peaklat Amp &V

ms W mfs

Wrist - Dig II 5.14 27 353

Figure 5. Sample nerve conduction study (NCS) result—right medianus.
Amp, amplitude; CV, conduction velocity; Dig Il, digit Il; Peak Lat, peak
latency.

first few weeks since COVID-19 diagnosis was made). In our
study. there was statistically significant reduction of ampli-
tude and conduction velocity in both sensory and motor neu-
ron fibers compared with control group in all examined
nerves in upper and lower limbs. Moreover, distal latency and
F wave latency was also increased compared with control
group. All this abnormalities are typically for polyneuropathy
and our results are similar to those described in the literature.
The majority of published cases thus far of peripheral nervous
disease associated with COVID-19 have shown a symmetrical
pattern and it was mixed sensorimotor neuropathy (14-18). In
our study group, neurophysiological abnormalities were pres-
ent in case of both sensory and motor nerves fibers. The most
significant reduction of NCS parameters was observed in case
of sensory action potential amplitide of sural nerve.
Moreover, that correlation was the most significant in case of
amplitude and conduction velocity in sensory and motor neu-
ron fibers both in arms and legs. In the study group, NCS
showed both axonal loss and demyelinating features in
COVID-19 survivors who had the symptoms of polyneurop-
athy. Primary demyelination can be defined as a process in
which there is the destruction of myelin sheaths whereas
axons are relatively spared. Secondary demyelination occurs
as a consequence of axonal destruction, where the initial
event is axonal damage, and myelin degeneration follows
degeneration of the axons (19). In the presented study,
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electroneurographical parameters have indicated that sec-
ondary rather than primary demyelination is connected to
post-COVID neuropathy in the study group. In another
study it was revealed that among evaluated patients with
symptoms of polyneuropathy after COVID-19, the small-
fiber neuropathy was the most common type of peripheral
nervous system disease. Symptoms were beginning within 1
mo of COVID-19 onset and diagnosis was confirmed with
the use of skin biopsy (20). In our study it was obvious that
SARS-Cov-2 can impair peripheral nerves fibers resulting in
polyneuropathy. Etiopathogenesis of peripheral neuropa-
thy in patients with post-COVID is unknown. Molecular
mimicry as well as hyperinflammation and immune system
dysregulation can be responsible for peripheral nerves
damage in COVID-19 survivors. Some evidence suggests
that interleukin (IL)-2, IL-7, granulocyte-colony stimulating
factor, interferon-y, inducible protein 10, monocyte chemo-
attractant protein 1, macrophage inflammatory protein 1-«,
and tumor necrosis factor-o are the most important cyto-
kines connected to peripheral nerves damage (6-8). The
exact mechanism of entry into the central nervous system
(CNS) is also unknown. Although SARS-Cov-2 may have
direct access to the CNS, only two cases have been reported
with SARS-Cov-2 in cerebrospinal fluid (1, 2). Currently dis-
cussed routes include retrograde neuronal transport across
infected neurons, entry via the olfactory nerve, infection of
the vascular endothelium, or white blood cell migration
across the blood-brain barrier (21-23). Further medical investi-
gation should be done to answer the question if those mecha-
nism present in CNS are connected to peripheral nerves
damage. Although the exact mechanism of inducing polyneu-
ropathy in patients with post-COVID remains undiscovered,
when evaluating patients with new-onset peripheral neuropa-
thy, screening for recent COVID-19 infection should be done.

It remains unclear which factors are associated with
increased risk of neurologic manifestation in case of patients
with post-COVID. In another study it was suggested that
neurological symptoms are more common in patients with
severe disease course (3). Patients with COVID-19 are in risk
group of developing CIAW. In case of patients with severe
course of COVID-19 who are admitted to intensive care unit,
post-COVID neuropathy can coexist with CIAW. Due to that
we excluded from the study patients that fulfil the criteria of
CIAW (5). Patients treated with neurotoxic drugs such as
daptomycin, linezolid, lopinavir, ritonavir, hydro-chloro-
quine, cisatracurium, clindamycine, and glucocorticoids
were also excluded from the study due to the possibility of
inducing toxic neuropathy. Patients treated with neurotoxic
drugs as well as patients with other disease that could be
connected to polyneuropathy like diabetes, vitamin B12 defi-
ciency, or alcohol abuse were excluded from the study.
Patients in study group did not have any sign and symptoms
of peripheral nerves damage before SARS-CoV 2 infection.
Although in our study we have tried to rule out patients with
other causes of polyneuropathy, there is need to find clear
direct pathophysiological link between COVID-19 infection
and neuropathy (e.g., supportive nerve biopsy findings).

In another study it was discovered that zinc deficiency
can lead to cytokine production and can increase the risk of
polyneuropathy in SARS-CoV-2 infection. It may be a cause
of hyperinflammation present in patients with severe

disease course (24). In another study it was revealed that a
significant number of patients with COVID-19 were zinc defi-
cient and the deficiency was associated with a prolonged
hospital stay and increased mortality. Zinc can regulate leu-
kocyte immune response by alerting cytokine production
and has a positive role in inflammatory conditions (25).
Possible connection between zinc deficiency and a possible
neurotropism of SARS-CoV-2, and the mechanism of COVID-
19 related neuropathy need to be fully evaluated.

FUTURE DIRECTIONS

Further investigation, including needle EMG, needs to be
done regarding the polyneuropathies associated with human
coronaviruses and regarding whether the virus directly dam-
ages peripheral nerves or factors mediating inflammatory
response are responsible for the neural damage. Awareness
of this complication will have an impact on the treatment of
patients with neurological complications of SARS-CoV-2.
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