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Wykaz stosowanych skrotow i terminow w pracy w kolejnosci wystegpowania w

cyklu prac

EP — evoked potential (potencjal wywotany)

MEP — motor evoked potential (ruchowy potencjat wywotany)

APB —abductor pollicis brevis muscle (migsien odwodziciel kciuka)

TA — anterior tibial muscle (migsien piszczelowy przedni)

NE — needle electrode (elektroda igtowa)

SE — surface electrode (elektroda powierzchniowa)

TMS — transcranial magnetic stimulation (przezczaszkowa stymulacja magnetyczna)
RMT — resting motor threshold (spoczynkowy prog motoryczny TMS)

rTMS — repetitive transcranial magnetic stimulation (powtarzalna przezczaszkowa
stymulacja magnetyczna)

TES — transcranial electrical stimulation (przezczaszkowa stymulacja elektryczna)

rTES — repetitive transcranial electrical stimulation (powtarzalna przezczaszkowa
stymulacja elektryczna)

FN — femoral nerve (nerw udowy)

RM — rectus femoris muscle (mig¢sien prosty uda)

PN — peroneal nerve (nerw strzatkowy)

TM — anterior tibial muscle (migsien piszczelowy przedni)

MRI - magnetic resonance imaging (obrazowanie metodg rezonansu magnetycznego)
ENG - electroneurography (elektroneurografia)

SEMG - surface electromyography (elektromiografia powierzchniowa)

CMAP — compoud muscle action potential (zlozony potencjal czynnosciowy
rejestrowany z mig$nia, Synonim fali M w badaniu ENG)

SEP - somatosensory evoked potential (somatosensoryczny potencjal wywotany)

MMEP — myogenic motor evoked potential (ruchowy potencjat wywotany rejestrowany
z mig$nia)

NMEP — neurogenic motor evoked potential (ruchowy potencjal wywotany rejestrowany
Z nerwu)



Streszczenie w jezyku polskim

Metoda  rejestracji  motorycznych  potencjatow  wywotanych  (MEP)
indukowanych polem magnetycznym i1 bodzcami elektrycznymi jest intensywnie
wykorzystywana ~ w  neurofizjologii  Kklinicznej.  Impulsy  przezczaszkowe
lub nadkregostupowe wzbudzaja nerwowy potencjal czynno$ciowy przekazywany
Z kory ruchowej mézgu lub osrodkéw ruchowych w rdzeniu kregowym, poprzez szlaki
rdzenia kregowego 1 widkna nerwowe do mie$ni, prowadzac do ich skurczu. MEP
zastosowanie znajduja w diagnostyce dla potrzeb neurochirurgii, ortopedii
I rehabilitacji, a takze w neuromonitoringu $rodoperacyjnym, towarzyszacym korekcji
skolioz. Podstawowym ograniczeniem dla technik MEP jest koniecznos$¢ rejestracji
sygnatu z migénia, zwlaszcza w sytuacjach patologii na poziomie synaps nerwowo-
mig¢$niowych lub zmian zanikowych w mig$niach. Rozwigzaniem problemu mogloby
by¢ przeniesienie punktu rejestracji nad anatomiczny przebieg nerwu odpowiadajacego
badanemu miegéniowi, tzw. neurogenne MEP. Srodoperacyjny neuromonitoring boryka
si¢ z problemem zwigkszenia precyzji pomiaru, przy jednoczesnym zmniejszeniu
ryzyka inwazyjno$ci stosowanych metod stymulacji 1 rejestracji. Standardowo
stosowane elektrody iglowe, z ktorymi wigza si¢ powiktania zar6wno ze strony
pacjenta, jak i1 personelu medycznego, moga jednak by¢ zastgpione przez elektrody
powierzchniowe. Glownym celem niniejszej dysertacji doktorskiej byto sprawdzenie
mozliwosci  rejestracji  ruchowych  potencjatow  wywotanych znad nerwu,
ich komplementarno$¢ z rejestracjami z mig$ni. Dodatkowo planowano stworzy¢ normy
badan dla neurogennych MEP oraz uaktualnienie norm dla migsniowych MEP, a takze
sprawdzenie mozliwo$ci aplikacyjnych proponowanej metody, zwlaszcza w trakcie
neuromonitoringu Sroédoperacyjnego. Wyniki badan przedstawiono w cyklu czterech

publikacji.

Badania przeprowadzono stosujac przezczaszkowg stymulacj¢ magnetyczng
u43 zdrowych ochotnikow i1 43 chorych ze stwierdzonym konfliktem krazkowo-
korzeniowym w odcinku ledzwiowym. Przeanalizowano takze dane z neuromonitoringu
srédoperacyjnego u 280 pacjentéw poddanych operacji korekcji mlodzienczej skoliozy
idiopatycznej. Dokonano jednoczesnych rejestracji MEP z odprowadzen z migsni
oraz znajdujacych si¢ nad powierzchnig odpowiadajagcych im nerwow. Badania

po stymulacji magnetycznej zostaty skorelowane z innymi klinicznymi badaniami



neurofizjologicznymi — elektroneurografia (ENG) i elektromiografia powierzchniowa
(SEMG). Dane z neuromonitoringu zbierano z uzyciem elektrod igtowych (NE)

i powierzchniowych (SE).

Wyniki badan pokazuja, ze MEP zarejestrowane z nerwow charakteryzuja si¢
znaczaco nizszymi warto$ciami amplitud. Tendencja ta jest podobna zaréwno
dla zdrowych ochotnikéw, jak i dla pacjentow z konfliktem kragzkowo-korzeniowym,
przy czym roznice u pacjentow sg wigksze (u zdrowych ochotnikéw réznica ok. 30%,
U pacjentow ok. 50%). W obu badanych grupach latencje MEP z nerwow sa krotsze
i wynoszg okoto 3,0 ms, co wynika z anatomicznie bardziej proksymalnego
umieszczenia elektrody wzgledem mieg$ni, oraz charakteryzuja si¢ nieco dluzszym
czasem trwania (3,0-5,0 ms), niz te zarejestrowane w odpowiednich migséniach..
Uzyskane wyniki sugeruja, ze wytacznie parametr amplitudy niesie warto$¢ kliniczna,
zwlaszcza u pacjentOow ze znacznymi zmianami atroficznymi w mig¢$niach
lub pod wptywem lekow zwiotczajacych. Jednoczesne zapisy ENG potwierdzity
przewodnictwo we wldknach ruchowych obwodowo i1 w korzeniach brzusznych
oraz wykazaty jedynie umiarkowany aksonalny typ uszkodzenia u pacjentow.
Potwierdzono takze dodatnie korelacje pomiedzy spadkiem amplitud w sEMG
a zapisami MEP z migéni konczyn dolnych wskazujacymi na konsekwencje patologii

W transmisji nerwowej z o§rodkow kregostupa.

Badania zebrane w trakcie neuromonitoringu Srodoperacyjnego wykazujg nizsze
wartosci  amplitudy  rejestracji  uzyskanych  przy  zastosowaniu elektrod
powierzchniowych niz przy uzyciu elektrod igtowych, jednoczes$nie nie tracac
na wartosci diagnostycznej a skracajac calkowity czas zabiegu. Pokazano takze
przydatno$¢ MEP z nerwdw, poniewaz nie ulegajg one fluktuacjom na réznych etapach

korekcji skoliozy i sa niewrazliwe na glebokos$¢ znieczulenia jak MEP z mig$ni.

Uzyskana kombinacja wszystkich wynikow wskazuje na uzytecznosé
wprowadzenia motorycznych potencjalow wywolanych z nerwow do praktyki
Klinicznej jako rejestracje uzupetlniajagce. Technika ta moze by¢ pomocna
diagnostycznie w przypadku widocznych zmian zanikowych w migéniach z objawami
jedynie niewielkiej patologii w przekazywaniu impulsow nerwowych w aksonach
ruchowych, a zastosowanie S$rodoperacyjne moze przynie$¢ korzySci w poprawie

ogolnego bezpieczenstwa i niezalezno$ci od wpltywu znieczulenia.



Streszczenie w jezyku angielskim (Abstract)

The method of motor evoked potentials (MEP) recordings induced
with magnetic field and with electrical stimuli is intensively used among clinical
neurophysiology studies. Transcranial or oververtebral impulses induce the conduction
of nerve potentials from the motor cortex of the brain or motor centers in spine, through
the spinal cord pathways and nerve fibers to the muscles, leading to their contraction.
MEPs are used in diagnostics for neurosurgery, orthopedics and rehabilitation, and
in intraoperative neuromonitoring accompanying correction of scoliosis. The main
limitation of MEP techniques is the need to record the signal from the muscle,
especially in situations of the pathology at the neuromuscular synapses or the atrophic
changes in muscles. A solution to the problem could be to move the recording electrode
over the anatomical course of the nerve corresponding to the tested muscle, the so-
called neurogenic MEP. Intraoperative neuromonitoring faces the problem of increasing
measurement precision, while reducing the risk of invasiveness of the applied
stimulation and recording methods. However, the standard use of needle electrodes,
which are associated with complications for both the patient and medical staff, can be
replaced by surface electrodes. The main goal of this doctoral dissertation was to check
the possibility of recording motor evoked potentials from above the nerve and their
complementarity with recordings from muscles. Additionally, it was planned to create
the standard values for neurogenic MEPs and update standards for muscle MEPs,
as well as to check the application possibilities of the proposed method, especially
during intraoperative neuromonitoring. The research results were presented in a series

of four publications.

The research was carried out using transcranial magnetic stimulation in
43 healthy volunteers and 43 patients with disc-root conflicts at lumbar spine levels.
The data from intraoperative neuromonitoring of 280 patients who underwent correction
of juvenile idiopathic scoliosis were also analyzed. Simultaneous MEP recordings were
made from muscle and from the corresponding nerves. Studies from magnetic
stimulation have been correlated with other clinical neurophysiological tests -
electroneurography (ENG) and surface electromyography (SEMG). Neuromonitoring

data were collected using needle electrodes (NE) and surface electrodes (SE).



The research results show that MEPs recorded from nerves were characterized
by significantly lower amplitude values. This trend is similar both for healthy volunteers
and for patients with disc-root conflicts at lumbar spine levels, but the differences
in patients are greater (in healthy volunteers the difference were approximately 30%,
in patients approximately 50%). In both studied groups, MEP latencies from the nerves
were shorter at about 3.0 ms, which results from the anatomically more proximal
placement of the electrode to the muscles, and are characterized by a slightly longer
duration (3.0-5.0 ms) than those recorded from corresponding muscles. The obtained
results suggests that only the amplitude parameter has clinical value, especially
in patients with significant atrophic changes in muscles or under the influence of muscle
relaxants. Simultaneous ENG recordings verified neural impulses transmission in motor
fibers peripherally and at ventral roots and proved only moderate axonal type
in patients. Positive correlations were also confirmed between the decrease
of amplitudes in SEMG and MEP recordings from the lower extremities muscles,

indicating the consequences of pathology in neural transmission from the spinal centers.

Data collected during intraoperative neuromonitoring show lower amplitude
values of recording obtained using SE than using NE, without losing the diagnostic
value, but simultaneously shortening the total procedure time. The usefulness of MEP
from nerves has also been shown because they do not undergo fluctuations at different
stages of scoliosis correction and are insensitive to the depth of anesthesia unlike MEP

from muscles.

The achieved combination of all results indicates the usefulness of introducing
motor evoked potentials recorded from nerves into clinical practice as a complementary
method. This technic may be diagnostically helpful in the case of visible atrophic
changes in muscles with symptoms of only minor pathology in the transmission
of nerve impulses in motor axons, and intraoperative use may bring benefits

in improving overall safety and independence from the effects of anesthesia.
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1. Wstep

Badanie ruchowych potencjatow wywotanych (MEP) znajduje praktyczne
zastosowanie w diagnostyce neurofizjologicznej, jak migdzy innymi we wczesnym
wykrywaniu nastgpstw stwardnienia rozsianego i innych schorzen neurologicznych
oraz do réznicowania stopnia nasilenia jednostek chorobowych narzadu ruchu dla celow
leczniczych, neurochirurgicznych, ortopedycznych i rehabilitacji. Jest to technika
szeroko rozwijana w ciggu ostatnich 50 lat [1, 2]. Badanie MEP, indukowanych polem
magnetycznym, polega na wzbudzeniu przy pomocy impulsu pola magnetycznego,
przytozonego przezczaszkowo lub nadkregostupowo, impulséw nerwowych biegnacych
od kory ruchowej moézgu lub rdzeniowego osrodka ruchowego, poprzez szlaki rdzenia
kregowego oraz wiokna nerwdéw unerwiajacych odpowiednie migénie, synapsy
nerwowo-migsniowe do migs$ni, wywotujac ich skurcz, ktéry jest rejestrowany i1 podlega
analizie. [1, 3] Wykorzystanie pola magnetycznego umozliwia precyzyjng stymulacje
wybranych pol ruchowych kory moézgowej lub osrodkow motorycznych rdzenia
kregowego. Pobudzenie impulsami magnetycznymi powoduje depolaryzacje blony
komorkowej komoérki nerwowej, wzbudzajac potencjal czynnosciowy rozchodzacy sie
wzdtuz aksonu, ktory docierajac do zakonczenia aksonu przekazywany jest dalej

poprzez synapsy do kolejnych komorek nerwowych lub migsniowych [1].

Z punktu widzenia neurofizjologii 1 biofizyki istotne jest okreslenie stanu
przewodnictwa i czynno$ci szlakow ruchowych w zdolnosci do przewodnictwa
impulséw nerwowych. W tym celu ocenie podlegaja parametry mierzonego sygnatu:
latencja, amplituda i czas trwania (ksztatt odpowiedzi) [2, 3]. Latencjg nazywamy czas,
po jakim pojawia si¢ poczatek potencjalu wywotanego od zadziatania bodZca.
Opoznienie MEP zalezy od miejsca stymulacji oraz drogi, jakg musi pokona¢ impuls
nerwowy, liczby synaps oraz ewentualnych uszkodzen ostonki mielinowej. Amplituda,
mierzona w miliwoltach lub mikrowoltach, to wielko$¢ zarejestrowanego sygnatu,
mierzonego od minimum do maksimum odchylenia od linii izoelektrycznej.
Bezposredni wplyw na nig majg: sita zastosowanego bodZca oraz ilo$¢ przewodzacych
wlokien nerwowych. Czas trwania, okresla ksztalt zarejestrowanego potencjatu,

jako czas po jakim sygnat wraca do wartosci poczatkowe;.

Parametry rejestracji MEP pozwalaja na obliczenie centralnego czasu

przewodzenia [1, 3] oraz ocen¢ stanu przewodnictwa u pacjentow po resekcji guza

11



moézgu [4], udarach mozgu [5], cierpigcych na mielopatie [6], radikulopati¢ [7],
uszkodzenie splotu barkowego [8], paraliz mig$ni twarzy [9] i niecatkowite uszkodzenie
rdzenia kregowego [10]. Do bezwzglednych zalet MEP, indukowanych polem
magnetycznym, nalezy zaliczy¢ ich nieinwazyjno$¢ oraz czutos$¢ detekcji patologii.
Wedtug zrodet literaturowych, stymulacja magnetyczna jest metoda bezpieczna,
a powiklania obserwuje si¢ jedynie u pacjentdw z epizodami padaczki lub po udarze
krwotocznym [11]. Ograniczeniem metody jest jednak rejestracja wzbudzanego
potencjatu w migsniach w sytuacjach zaniku mig$ni (atrofii) lub zablokowania synaps
nerwowo-mig$niowych. Taka sytuacja moze mie¢ miejsce u pacjentow z konfliktem
krazkowo-korzeniowym [7], ale rowniez u starszych, zdrowych pacjentow, u ktoérych
pojawiaja si¢ objawy sarkopenii [12, 13] oraz po =zastosowaniu $rodkow

farmakologicznych o dziataniu zwiotczajacym [14].

Obejsciem, dla ograniczen MEP zwigzanych z przewodnictwem do efektora,
mogloby by¢ rejestrowanie tego samego potencjatu nad powierzchnia nerwu
unerwiajacego odpowiedni migsien, tzw. neurogenny MEP (nMEP). Technika ta zostata
opisana w literaturze juz w latach osiemdziesigtych ubiegtego wieku [15].
Jednakze zaproponowane zastosowanie w czasie neuromonitoringu $rodoperacyjnego,
opierato si¢ na stymulacji elektrycznej neuromeréw rdzeniowych, przy pomocy elektrod
zewnatrzoponowych. Sposob ten nie tylko jest bardzo inwazyjny, ale tez zostat
skrytykowany, ze wzgledu na mozliwa jednoczesng aktywacje¢ szlakow ruchowych
na drodze ortodromowej przewodnictwa i szlakow czuciowych — antydromowo
[15, 16]. Doniesienia literaturowe nie zawierajg informacji na temat wykorzystania
nieinwazyjnych technik stymulacji polem magnetycznym w przypadku nMEP. Brak jest
réwniez danych referencyjnych dla MEP rejestrowanych nieinwazyjnie znad nerwow.
Wspomniane wczesniej czynniki, ograniczajgce stosowanie rejestrowanych mie$niowo
MEP (mMEP) oraz fakt, ze regeneracja witokien ruchowych zachodzi szybciej,
niz tworzenie si¢ nowych jednostek ruchowych [17], zwracaja uwage na potencjalne
mozliwosci wykorzystania nMEP, ktére moga mie¢ istotne znaczenie kliniczne

jako parametr bardziej stabilny i niezalezny od standardowej rejestracji z migsni.

Jednym z wazniejszych zastosowan MEP jest neuromonitoring §rodoperacyjny,
bezwzglednie podnoszacy bezpieczenstwo i precyzj¢ interwencji neurochirurgicznych

[18]. Jednakze mimo swoich zalet, ze wzgledow technologicznych, w obecnym
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standardzie nie jest to technika bezinwazyjna, poniewaz zaklada stosowanie elektrod
iglowych, wkluwanych bezposrednio do migénia, a do wzbudzenia potencjatéw
wywotanych stosuje si¢ depolaryzacje polem elektrycznym calej kory mozgowej,
cowigze si¢ z szeregiem mozliwych powiktan dla pacjentéow [19-22], ale tez
dla personelu [23]. Ponadto, zastosowanie znieczulenia i $rodkéw zwiotczajacych
ogranicza mozliwosci rejestracyjne metody, w odniesieniu do parametru amplitudy.
Modyfikacje tej techniki, z uwagi na wymienione mankamenty, mogtyby przynies¢
ogromne korzy$ci, zwlaszcza u pacjentow pediatrycznych. Szczegdlnie istotne
znaczenie  mogloby  mie¢  wowczas ~ wprowadzenie  techniki nMEP.
Wyniki niniejszej dysertacji doktorskiej zostaly przedstawione w cyklu publikacji,

pokazujac mozliwosci zastosowania metody nMEP .
2. Cele pracy badawczej
W niniejszej dysertacji doktorskiej przyjeto nastepujace cele:

1. Analiza parametrow amplitudy, latencji i czasu trwania dla rejestracji nMEP
i MMEP, w celu potwierdzenia hipotezy o komplementarnosci tych dwoch
technik rejestracji w diagnostyce neurofizjologii klinicznej.

2. Aktualizacja danych referencyjnych dla badan diagnostycznych MEP. Istniejace
zarowno dla Zakladu Patofizjologii Narzadu Ruchu, Ortopedyczno-
Rehabilitacyjnego Szpitala Klinicznego im. Wiktora Degi w Poznaniu, zostaty
opracowane przynajmniej 10 lat temu, co odpowiada stanowi innych osrodkow
diagnostycznych.

3. Opracowanie normy badan dla neurogennych MEP. W dostepnej literaturze
z zakresu neurofizjologii  klinicznej brak jest danych referencyjnych
parametrow NMEP.

4. Sprawdzenie mozliwosci aplikacyjnych techniki rejestracji znad powierzchni
nerwOw w czasie neuromonitoringu Srodoperacyjnego, stosowanego podczas

operacji korekcji skoliozy mlodzienczej.

13



3. Material i metody wykorzystywane w pracy badawczej

Badania wykonywano na podstawie zgody Komisji Bioetycznej Uniwersytetu
Medycznego im. Karola Marcinkowskiego w Poznaniu, nadang uchwatg nr 696/2018
zdnia 14 czerwca 2018 roku. Badania elektroneurograficzne, elektromiograficzne
oraz ruchowych potencjatow wywotanych MEP wykonywano pod kierownictwem
Prof. dr hab. n. med. Juliuszem Huberem, natomiast neuromonitoring $§rodoperacyjny
prowadzony byt przez Prof. dr hab. n. med. Juliusza Hubera oraz Dr n. med. Katarzyne
Kaczmarek z Zaktadu Patofizjologii Narzadu Ruchu, Uniwersytetu Medycznego

w Poznaniu.

Jestem pierwszym autorem w trzech, z czterech podanych publikacji
do niniejszego cyklu dysertacji doktorskiej. Autorem korespondencyjnym jestem
w dwoch z wymienionych artykulow. Czynnie uczestniczytam w projektowaniu badan
oraz zbieraniu danych w zakresie neurofizjologii w badaniach opisywanych
w pracach 1, 2, 3, 4. Odpowiadatam za analizg statystyczng i interpretacje uzyskanych
wynikow w pracach 1, 2, 3, 4. Uczestniczytam w przegladzie literatury
oraz redagowaniu manuskryptow w pracach 1, 2, 3, 4. Wszyscy wspotautorzy publikacji

wyrazili zgod¢ na wykorzystanie badan, w celu przygotowania dysertacji doktorskiej.

Badania przeprowadzone byly w Zakladzie Patofizjologii Narzadu Ruchu,
w Ortopedyczno-Rehabilitacyjnym Szpitalu Klinicznym im. Wiktora Degi w Poznaniu.
W celu przygotowania prac nad ruchowymi potencjatami wywotanymi indukowanymi
polem magnetycznym, przebadatam 43 zdrowych ochotnikow oraz 43 chorych
Z konfliktem krazkowo-korzeniowym w odcinku ledzwiowym, na poziomie kregéw L4-
L5, z potwierdzonym badaniami rezonansu magnetycznego (MRI), ktorzy byli
kierowani na badania neurofizjologiczne przez ortopedow pracujacych w Poradni
Ortopedycznej w Ortopedyczno-Rehabilitacyjnym Szpitalu Kliniczhym w Poznaniu.
W pracach dotyczacych neuromonitoringu §rédoperacyjnego, analizie podlegaty raporty
generowane w trakcie zabiegow operacyjnych u 280 pacjentow z miodzienczg skolioza
idiopatyczng, przeprowadzanych przez pracownikéw Zaktadu Patofizjologii Narzadu
Ruchu, Uniwerstetu Medycznego w Poznaniu. Osoby zakwalifikowane do badan

podlegaty nastgpujacym kryteriom wytgczenia:
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— Urazy glowy

— Epizody epilepsji

— Powazne zaburzenia w uktadzie sercowo-naczyniowym

— Cigza

—  Epizody chorob i leczenia onkologicznego

—  Wszczepione urzadzenia elektroniczne (rozrusznik serca, implanty §limakowe)
— Udar mézgu

—  Choroby zapalne

— Uszkodzenia nerwow, polineuropatie

Ponadto osoby uczestniczace w badaniach musialy wyrazi¢ na to $wiadoma,
pisemng zgode oraz zostaty poinformowane o wszelkich wykonywanych czynnosciach

I przeciwskananiach do wykonywania badan MEP.

U zdrowych ochotnikoéw oraz pacjentow z konfliktem krazkowo-korzeniowym

zostaly wykonane nast¢pujgce badania z zakresu neurofizjologii kliniczne;j:

— globalng (powierzchniowg) elektromiografie (SEMG) obustronnie z wybranych
miegs$ni konczyn dolnych (migsni prostych uda, migéni piszczelowych przednich
oraz migsni prostownikow palcow dtugich),

— elektroneurografi¢ (ENG) — przewodnictwa obwodowego impulsow nerwowych
we witoknach ruchowych wybranych nerwow konczyn dolnych obustronnie
(fala M) jak i przewodnictwa w obrebie korzeni brzusznych neuromeréw L5-S1
(fala F) w nerwach strzatkowych,

— ruchowych potencjatdéw wywolanych indukowanych polem magnetycznym
MEP, po stymulacji nadkrggostupowej na poziomie neuromerdéw
odpowiadajacym pobudzanym mig$niom, przy rejestracji z wybranych migsni
konczyn dolnych (migéni prostych uda oraz mig$ni piszczelowych przednich)
oraz znad anatomicznego przebiegu nerwoéw odpowiadajacych za skurcz
badanych migé$ni (nerwéw udowych w dole pachwinowym oraz nerwow

strzalkowych ponizej kolana, bocznie od glowy strzaltki), obustronnie.

Te badania wykonywalam samodzielnie, w trakcie badah neurofizjologii

klinicznej, przy wspéludziale Kierownika Zaktadu Patofizjologii Narzadu Ruchu.
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Wymienione techniki byly nieinwazyjne. Pacjenci 1 ochotnicy pozostawali
w spoczynku, w pozycji lezacej na plecach. Rejestracji dokonywano przy uzyciu
standardowych elektrod powierzchniowych Ag/AgCl, aplikowanych do badanych
miejsc, o powierzchni aktywnej pomiaru wielkosci Smm?, ktore nie naruszaty powlok
ciata.  Elektrody powlekano zelem przewodzacym, zmniejszajacym  opor
| poprawiajacym jako$¢ rejestrowanego sygnatu. Elektrod¢ aktywnag umieszczano
na brzuscu miesnia (dla mMEP) lub proksymalnie nad przebiegiem nerwu (dla nMEP),
natomiast elektrode referencyjng przymocowywano na dystalnym $ciggnie migsnia
(dlamMEP) lub dystalnie nad przebiegiem nerwu (dla nMEP). Elektroda uziemiajaca
byta umieszczana w okolicy kolana. Pomieszczenie do przeprowadzania badan byto
klimatyzowane, o $redniej temperaturze ok. 22 °C. Do zbierania danych wykorzystano
zintegrowany 8-kanatowy system Keypoint firmy Medtronic A/S (Skevlunde,
Denmark), o ustawieniach filtra géornoprzepustowego 20 Hz, filtra dolnoprzepustowego
10 kHz. Badanie elektromiografii powierzchniowej wykonywano, oceniajgc
czestotliwos¢ 1 amplitude sygnatu w czasie maksymalnego skurczu migé$nia przez
pacjenta, trwajacego 5s. Rejestracji dokonywano przy podstawie czasu 80 ms/D
i wzmocnieniu 20-1000 pV/D. Badania ENG stuzyly weryfikacji przewodnictwa
impulséw we wioknach ruchowych badanych nerwow obwodowo i w korzeniach
brzusznych, w celu oceny nasilenia patologii u pacjentow oraz potwierdzenia stanu

zdrowia ochotnikow.

Ruchowe potencjaly wywolane wzbudzano za pomoca generatora impulséw
MagPro X-100 firmy Medtronic A/S (Skevlunde, Denmark), po przylozeniu
do powierzchni skory okraglej cewki indukcyjnej o $rednicy 110 mm (C-100).
U zdrowych ochotnikéw 1 pacjentow z konfliktem kragzkowo-korzeniowym cewke
umieszczano nadkrggostupowo, na poziomie neuromeréw odpowiadajacych unerwieniu
pobudzanych mig$ni. Natomiast u pacjentow zakwalifikowanych do neuromonitoringu
stymulacj¢ wykonywano nadczaszkowo, nad obszarem o$rodka kory ruchowej
dla reprezentacji unerwienia mig¢éni i nerwoéw, z ktorych zbierano rejestracje, ustalajgc
w ten sposob tzw. ,hot spot”, czyli miejsce umieszczenia elektrod Srubowych
lub igtowych depolaryzujacych korg¢ mozgowa impulsami pola elektrycznego, w czasie
zabiegu chirurgicznego korekcji skoliozy. Dla uzyskania koncowej usrednionej
rejestracji wykonywano przynajmniej 3 stymulacje, przy uzyciu pojedynczych

dwufazowych impulsow magnetycznych o sile 60-75% maksymalnego wyrzutu
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generatora i czasie trwania 5ms. Rejestracji dokonywano przy ustawieniach podstawy
czasu 10 ms/D i wzmocnieniu od 100 do 2000 uV/D.

Montazu elektrod, dla celow neuromontoringu, dokonywano na sali operacyjnej,
po znieczuleniu pacjenta, lezacego na plecach, w takiej samej konfiguracji
jak dla ochotnikow i pacjentow z konfliktem krazkowo-korzeniowym. Obserwacje
w trakcie zabiegu wykonywano w pozycji lezacej na brzuchu lub na boku,
po przetozeniu na stot operacyjny. Jak wspomniano wczesniej, MEP indukowano
przy pomocy elektrod srubowych lub iglowych, umieszczonych na powierzchni czaszki,
w oznaczonych przedoperacyjnie punktach ,hot spots”, ktore emitowaly serie 4-6
impulsow pola elektrycznego, powodujacego depolaryzacj¢ kory mozgowej, o czasie
trwania pojedynczego pulsu 500 ps i wzmocnieniu nie przekraczajagcym 200 maA.
Stosowane elektrody byty jednorazowe, a dodatkowo umieszczane inwazyjnie (iglowe
lub srubowe), byty jatlowe. Aparatura pomiarowa, zbierajgca sygnal w czasie korekcji
chirurgicznej skoliozy, podtaczona byta do systemu ISIS firmy Inomed Midizintechnik,
o ustawieniach filtra goérnoprzepustowego 30Hz (sprzetowy) i 0,5Hz (programowy)
oraz filtra dolnoprzepustowego 2 kHz. Przed przystgpieniem do neuromontoringu,
sprawdzano i1mpedancje¢ elektrod, uzyskujac wartosci zgodne z wytycznymi
systemowymi w okolicach 0.8 kQ dla elektrod stymulujacych, 0.1-5.0 kQ2 dla elektrod
igtowych oraz 10-40 kQ dla elektrod powierzchniowych.

Zdrowi ochotnicy i pacjenci z konfliktem krazkowo-korzeniowym
reprezentowali grupy o podobnej charakterystyce antropometrycznej, na co wskazujg
warto$ci p poréwnania wieku, wzrostu, masy ciata 1 BMI. Do grupy kontrolnej (osoby
zdrowe) zakwalifikowato si¢ 20 kobiet i 23 mezczyzn w wieku 17-70 lat ($rednio 43
+10,9 lata). Nastomiast do grupy badawczej zaliczono 29 kobiet i 14 me¢zczyzn w wieku
23-72 lat (Srednio 453 £9.3 lat). Dla celéw neuromonitoringu przebadano
280 pacjentow: 267 dziewczynek i 13 chltopcow w wieku 8-18 lat (Srednio 14.7 + 2.3
lat) z mtodziencza skolioza idiopatyczng o pierwotnym kacie skrzywienia kregostupa

$rednio 56.1 + 6.8° i wtornym 37.3 + 2.6°

Za istotny statystycznie przyjeto wspotczynnik p mniejszy od 0,05. Wszystkie
analizy statystyczne przeprowadzono z wykorzystaniem oprogramowania Statistica

w wersji 13 (StatSoft, Polska). Wyniki wszystkich badanych sg anonimowe, poprzez
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nadanie numeru w arkuszu kalkulacyjnym, po usunigciu danych osobowych.
Do obliczen statystycznych parametrow MEP, ENG, sEMG oraz danych
demograficznych uzyto sredniej arytmetycznej, odchylenia standardowego oraz zakresu
(warto$ci minimalnej 1 maksymalnej). W celu doboru odpowiednich testow,
wykonywano test Shapiro-Wilka do okreslenia, czy dane mialy rozklad normalny
oraztest Levena do okreslenia jednorodno$ci wariancji. Testy porownawcze
wykonywano stosujac test T-Studenta. Korelacj¢ mi¢dzy rejestracjami mMMEP a SEMG
sprawdzono przy uzyciu rangowego wspOlczynnika korelacji Spearmana rs. Wyniki
badan pilotazowych poshuzyly do okreslenia minimalnej wielko$ci badanej proby
koniecznej do zbadania, wyznaczajac liczb¢ przynajmniej 30 zdrowych ochotnikow

oraz 36 pacjentow z konfliktem krazkowo-korzeniowym.

4. Dyskusja nad wynikami prac prezentowanych w publikacjach

W pierwsze] pracy ,,Weryfikacja nieinwazyjnos$ci 1 precyzyjnos$ci rejestracji
powierzchniowych vs. iglowych ruchowych potencjatow wywolanych podczas
neuromonitoringu u pacjentek w trakcie chirurgicznej korekcji mlodzienczej skoliozy
idiopatycznej”, przyblizono temat 1 problemy wigzace si¢ z prowadzeniem
neuromonitoringu $rodoperacyjnego, w trakcie zabiegu korekcji mtodzienczej skoliozy
idiopatycznej. Zwrdcono uwage na mozliwe powiktania zwigzanych z zastosowaniem
elektrod iglowych, ktéore w biezacej praktyce sa traktowane jako zloty standard.
Dobrostan pacjenta, zwlaszcza pediatrycznego jest bardzo istotnym aspektem
w praktyce klinicznej. Wykorzystanie technik inwazyjnych czgsto obcigzone jest
problemami natury miejscowej, jak wybroczyny, zasinienia, infekcje [20], zaczerwienia
skory z przetrwalym bolem okolic wkiucia elektrod [21]. Jeszcze powazniejszym
problemem s3 powiktania powigzane z elektryczng depolaryzacja kory mozgowej,
jak np. epizody egzogennej epilepsji pooperacyjnej [22]. Ponadto istotne jest réwniez
zapewnienie bezpieczenstwa osoby wykonujacej neuromonitoring, zwigzane
Z obnizaniem ryzyka zaktu¢ elektrodami iglowymi, podczas przygotowywania pacjenta
do zabiegu oraz podczas ich usuwania po zakonczeniu [23]. Przeprowadzono analizg
MEP  zbieranych dwiema technikami: przy pomocy elektrod igtowych
I powierzchniowych, w celu oceny komplementarno$ci ich zastosowania. Ruchowe
potencjaly wywotane byly indukowane poprzez bipolarng stymulacj¢ polem

elektrycznym, seriami 5 impulséw o czasie trwania pojedynczego bodzca 500 s
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I wzmocnieniu od 150 do 180 mA. Analizowano parametry amplitudy i latencji
rejestracji MEP zebranych u 21 pacjentek z migéni odwodzicieli kciuka (APB)
w konczynach goérnych oraz migsni piszczelowych przednich (TA) w konczynach
dolnych, w pozycji lezacej na brzuchu po przelozeniu na stét operacyjny
oraz po zakonczeniu korekcji skrzywienia krggostupa. W zgromadzonych wynikach
uzyskano potwierdzenie zachowania obustronnego przewodnictwa rdzeniowych
szlakow eferentnych od poziomu gornego neuronu ruchowego, przy jednoczesnym
spadku  amplitudy potencjaléw  rejestrowanych  zarowno  powierzchniowo,
jak i elektrodami iglowymi. Spodziewane zmiany oraz niestabilnos$ci amplitudy sygnaty
byly efektem czasu trwania zabiegu, glebokosci znieczulenia, stosowanej aparatury
chirurgicznej oraz samej korekcji skrzywienia [24]. Analiza poréwnawcza dwoch
technik pomiarowych wykazata nizsze wartos§ci amplitudy MEP rejestrowanych
elektrodami powierzchniowymi oraz skrocone warto$ci latencji, utrzymujac ich warto$é
diagnostyczng. U badanych pacjentek nie stwierdzono powiklan zwigzanych
z elektryczng stymulacja przezczaszkowa, natomiast u 10% zauwazono wynaczynienia
w miejscach wkiu¢ elektrod igtowych na konczynach oraz stymulujacych
na powierzchni glowy, co potwierdza doniesienia literaturowe [20]. Uzyskane wyniki
potwierdzaja, ze zastosowanie metody nieinwazyjnej nie ogranicza precyzji
neuromonitoringu, jednocze$nie  eliminujagc  mozliwe powiklania zwigzane

Z inwazyjnoscig procedury.

W pracy ,,Review on methodology and interpretation of results of motor evoked
potentials induced with magnetic field or electrical stimuli recorded preoperatively
and intraoperatively”, przedstawiono obecny stan wiedzy na temat ruchowych
potencjatdéw wywotanych oraz wstgpne badania sugerujgce mozliwos¢ praktycznego
wykorzystania neurogennych ruchowych potencjatow  wywotanych (nMEP).
Dotychczas opisywana 1 krytykowana w literaturze za niepewno$¢ komponenty
ruchowej w MEP, technika rejestracji nMEP dotyczyta elektrycznej stymulacji
neurometroOw rdzeniowych, przy pomocy elektrod zewngtrzoponowych w trakcie
neuromonitoringu [15, 16]. W pracy potwierdzono jednak, ze nieinwazyjna rejestracja
znad powierzchni nerwdéw potencjatdw wywolanych indukowanych polem
magnetycznym nadkregoshupowo jest realna i jest to pierwsze doniesienie o tej technice
w literaturze. Analiza wynikéw pilotazowych wykazata, ze zaro6wno u zdrowych

(10 0s6b) i u pacjentow (15 osob) z konfliktem krgzkowo-korzeniowym, parametry
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NMEP w wigkszoS$ci roznity si¢ istotnie statystycznie: charakteryzowaly si¢ mniejszymi
warto$ciami amplitud, o przynajmniej polowe¢ oraz krotszymi latencjami i dluzszym
czasem trwania, wzgledem MMEP. MEP rejestrowane znad nerwu cechowat tez
mniejszy rozrzut warto$ci niz rejestrowane z mig¢sni, co moze sugerowaé wieksza
stabilno$¢ tej metody. Wskazano jednak na konieczno$¢ rozszerzenia badan na wigksza

populacje zdrowych 0séb i pacjentow.

Praca ,,Motor evoked potentials recorded from muscles versus nerves after
lumbar stimulation in healthy subjects and patients with disc-root conflicts”,
przedstawia analiz¢ zebranych wynikow nMEP i mMEP dla szerszej grupy osob i probe
weryfikacji uzytecznosci klinicznej. Opracowano nowe dane referencyjne klasycznych
rejestracji z mig$nia oraz po raz pierwszy, dotychczas niestosowanych rejestracji
znad powierzchni nerwoéw indukowanych polem magnetycznym nadkrggostupowo,
dla duzej grupy zdrowych ochotnikoéw. Poréwnano wyniki uzyskane u 43 pacjentow
z przewleklym konfliktem krazkowo-korzeniowym na poziomach ledzwiowych
z wynikami populacji 0s6b zdrowych (43 o0sob). Pacjenci przed przystapieniem
do opisywanych w niniejszej pracy badan, byli poddani innym badaniom klinicznym
potwierdzajacym ich stan zdrowia, w tym obrazowaniu rezonansem magnetycznym
oraz wykonano u nich badania neurofizjologiczne: powierzchniowej elektromiografii
(SEMG) i elektroneurografii (ENG), w celu oceny stopnia zaawansowania zmian
neurogennych w migsniach 1 nieprawidlowosci w przekazywaniu impulsow
neuronalnych przez widkna ruchowe. Oba badania wykazaly istotne roznice
w przewodnictwie i funkcjonowaniu jednostek ruchowych miedzy pacjentami
a osobami zdrowymi, wskazujac na przewlekle neurogenne zmiany w mig¢$niach
i niewielkie zmiany we widknach ruchowych nerwéw. Cisza elektryczna w wynikach
SEMG, rejestrowana przez elektrody umieszczone nad nerwami podczas prob skurczu
migsnia, potwierdza brak naktadania si¢ potencjatow generowanych w kurczacym si¢
migéniu na rejestracje zbierane nad nerwem. Ponadto, zaobserwowano pozytywna

korelacje objawow patologii w sSEMG z zarejestrowanymi MEP.

Uzyskane potencjaly wywolane potwierdzaja hipotez¢ o komplementarno$ci
NMEP z mMEP i innymi metodami klinicznymi. Pokazuja rowniez znaczace rdznice
miedzy badanymi grupami. Wykazano nizsze wartosci amplitud nMEP w obu grupach,

o ok. 30% w grupie zdrowych ochotnikéw 1 51% w grupie pacjentow. Zdecydowanie
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wigksze roéznice w wynikach migdzy dwoma typami rejestracji przy stymulacji
na poziomie L[4 (migsien prosty uda i nerw udowy) sugeruja, ze u pacjentow
uszkodzenia bardziej dotycza poziomu L4 niz L5. Latencje miegdzy nMEP 1 mMEP
roéznity sie znaczaco w obu grupach, na obu poziomach stymulacji, od 2 do 4 ms,
co bylo wartosciag spodziewana, wynikajaca z anatomicznego ustawienia elektrod
dla nerwow bardziej proksymalnie niz dla rejestracji z mie$ni. Czas trwania okazat si¢
dtuzszy dla potencjaléw neurogennych, od 3,3 ms do 8,3 ms oraz dla grupy pacjentow,
od 6,8 ms do 20,3 ms, przy czym wigksze roznice miedzy pacjentami a zdrowymi
ochotnikami dotyczyto poziomu L5. Jednakze, mimo faktu istnienia rdznic
dla parametru latencji, jak i czasu trwania nie niosg one wigkszego znaczenia
klinicznego i nie koreluja si¢ z wynikami innych badan klinicznych. Wydaje sie,
ze wylacznie parametr amplitudy MEP ma warto$¢ kliniczna, zwlaszcza u pacjentow
ze znacznymi zmianami atroficznymi w mi¢$niach lub pod wplywem lekow

zwiotczajacych [25].

Niniejsza praca miata na celu zwrdcenie uwagi na mozliwosci wykorzystania
technik magnetycznej stymulacji w praktyce klinicznej. Opracowanie wynikéw badan
dla duzej grupy pacjentow oraz ujawnienie korzysci ptynacych z zastosowania badania
MEP znad powierzchni nerwoéw. Jak wspominano, MEP rejestrowane znad powierzchni
nerwow byly krytykowane przez Deletisa [16], ze wzgledu na mozliwg potaczong
aktywacje wiokien ruchowych i antydromowo czuciowych poszczegdlnych nerwow.
Jednakze dla celow diagnostycznych istotne jest rowniez, aby proces pomiarowy byt
szybki i niezalezny stosowanych od anestetykow albo istnienia zmian patologicznych
w obrebie efektora [15], co wlasnie zapewnia nMEP. W takim znaczeniu uzupetnienie
diagnostyki o rejestracje znad nerwu, moze pozwoli¢ na unikniecie bledow
interpretacyjnych w procesie diagnostycznym, wynikajacych z wyzej wymienionych

przyczyn.

Ostatnia praca pod tytutem “Update on neuromonitoring procedures applied
during surgery of the spine — observational study”, przedstawia wyniki analizy badan
srédoperacyjnych w trakcie operacji korekcji mlodzienczej skoliozy idiopatycznej,
W czasie ktorych rejestrowano potencjaly z migsni oraz znad powierzchni nerwow.
Jestto pierwszy taki opis, dodatkowo obejmujgcy tak liczng grupe pacjentow.

Monitoring srédoperacyjny posiada niekwestionowane zalety w kwestii podniesienia
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bezpieczenstwa wykonywania zabiegu [24], jednakze standardowo stosowane
rejestracje z miesni obcigzone s3a ograniczeniami, wynikajacymi z glebokosci
znieczulenia oraz manipulacjami chirurgdéw w obrebie kregostupa, dlugoscia trwania
zabiegu i istniejgcymi juz zmianami atroficznymi w obrebie efektora. Wspominang juz
zaleta rejestracji znad powierzchni nerwu jest uniezaleznienie si¢ od migéni
| wptywajacych na nie czynnikow. W niniejszej pracy porownano wyniki
u 280 pacjentéw uzyskane z migsni piszczelowych przednich i nerwéw strzatkowych
obustronnie: przed zabiegiem — z uzyciem przezczaszkowej stymulacji magnetycznej
(TMS) w celu okreslenia ,,hot spots” oraz w trakcie monitoringu §rédoperacyjnego —
stosujac przezczaszkowa stymulacje elektryczng (TES) na poczatku i koncu zabiegu.
Analiza wynikow potwierdzita nizsze warto$ci amplitud i1 krétsze latencje potencjatow
uzyskanych z nerwow. Jednoczesnie, zebrane dane potwierdzaja zatozenie o niskiej
wrazliwosci nMEP wzgledem rejestracji z migé$ni, niezaleznie od rodzaju
zastosowanych elektrod oraz poziomu anestezji. Poréwnanie wynikow ponownie
wskazalo na nizsze warto$ci parametru amplitudy zebranych elektrodami
powierzchniowymi, rownocze$nie nie ukazujac znaczacych rdéznic w warto$ciach
latencji od rejestracji zebranych elektrodami iglowymi. W badaniach, parametry MEP
wykazaty takze natychmiastowg poprawe parametréw potencjatow wywotanych (wzrost
warto$ci amplitud 1 skrocenie latencji), jako efekt terapeutyczny po dokonaniu korekcji
skrzywienia kregostupa, mimo faktu stopniowego obnizania si¢ amplitudy MEP wraz
z wydluzajagcym si¢ czasem trwania zabiegu, obserwowanego przy dtugotrwatych
operacjach, do ktorych nalezg chirurgiczne korekcje skoliozy [14]. Biezace uzyskiwanie
informacji zwrotne] w trakcie kolejnych etapéw operacji jest kluczowe, zwlaszcza
W celu unikania bledow oraz natychmiastowego dokonywania korekt [26].
Obserwowane wydluzenie latencji na etapie przygotowania pola operacyjnego sugeruje
efekt ,,przegrzania” struktur rdzeniowych na skutek zastosowania kauteryzacji tkanek

[14, 21], ustepujacy po ochtodzeniu roztworem soli fizjologiczne;.

Biorgc pod uwage dotychczasowa wiedze dotyczaca ryzyka powiklan
jatrogennych [21, 23] i standardy okotooperacyjne [22], istotne jest dazenie
do zmniejszenia inwazyjnosci i skracanie czasu zabiegu [18, 22]. Przedstawione
w pracy wyniki nie kwestionuja zastosowania technik uznawanych za ,,ztoty standard”
— jak uzycie elektrod igtowych. Zwracajg natomiast uwage na korzysSci niesione przez

ograniczenie inwazyjnosci zabiegu elektrodami powierzchniowymi. Krytyczne
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spojrzenie na rejestracje NMEP [16] takze nie musi oznacza¢ wykluczenia tej techniki
z klinicznego zastosowania. Uzupetnienie diagnostyki przedoperacyjnej i standardu
srodoperacyjnego o odprowadzenia znad powierzchni nerwu, moze pomoc w poprawie
bezpieczenstwa i skutecznos$ci zabiegu oraz uniezaleznienia od glebokosci znieczulenia
[14], zabezpieczenia dla operatoréw i neurofizjologéw w postaci niewrazliwej na roézne
czynniki informacji zwrotnej o stanie przewodnictwa rdzenia. Zebrane dane
bezwzglednie  potwierdzaja ~ warto$¢ ~ neuromonitoringu srodoperacyjnego,
ktory uzupelniony o zaproponowane modyfikacje, moze dodatkowo zyskaé

na znaczeniu.

5. Whnioski plynace z cyklu publikacji

1. Jednoczesna rejestracja potencjatow MEP wywotanych znad powierzchni nerwu
1 mig$nia jest mozliwa, jednak rejestracje te rdznig si¢ parametrami. Sygnaty
zbierane z nerwu charakteryzuje nizsza warto$¢ parametru amplitudy
oraz krotsza latencja, wynikajagca z anatomicznie bardziej proksymalnego
umiejscowienia elektrody wzgledem rejestracji z mig$nia.

2. Uzyskane wyniki potwierdzaja hipoteze o komplementarnosci rejestracji nMEP
i MMEP.

3. Porownanie parametrow rejestracji NMEP i mMEP rejestrowanych u pacjentow
z  konfliktem krgzkowo-korzeniowym, wykazaly znaczace roznice
W poréwnaniu do grupy zdrowych ochotnikéw, wskazujagc na zdecydowanie
wigksze obnizenie sygnalu nMEP od mMEP w grupie pacjentow.

4. Pomiar nMEP jest szybki i niezalezny od wplywu anestetykow i innych
czynnikow, dzigki czemu metoda ta moze stanowi¢ warto§ciowe uzupeinienie
standardowych technik pomiarowych, zwlaszcza w sytuacjach ograniczonej
mozliwosci rejestracji z migsnia, tzn. istnienia u pacjenta zmian atroficznych
W migsniu, objawdw sarkopenii, stosowania anestetykow 1 relaksantéw
zwiotczajacych migénie, zablokowania lub uszkodzenia synaps nerwowo-
migsniowych.

5. Zastosowanie elektrod powierzchniowych zamiast igtowych w rejestracjach
MEP, mimo nizszego parametru amplitudy, ma takie samo znaczenie
diagnostyczne w trakcie monitoringu $rodoperacyjnego. Jednoczesnie,

wykorzystanie MEP rejestrowanych powierzchniowo, ogranicza ryzyko
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pojawienia si¢ powiklan pooperacyjnych u pacjenta, pozwala skroci¢ czas
trwania zabiegu z uwagi na szybsza aplikacje i demontaz aparatury, a takze
zmniejsza ryzyko ewentualnych zaktu¢ dla operatora.

6. Zebrane dane bezwzglednie potwierdzaja warto§¢ neuromonitoringu
srédoperacyjnego, pozwalajacego na biezace dostosowywanie planu operacji
do stanu przewodnictwa pacjenta, a ktory uzupelniony o zaproponowane
modyfikacje, moze dodatkowo zyska¢ na znaczeniu, poprzez poprawe

bezpieczenstwa i1 skutecznosci zabiegu.

6. Znaczenie wynikow prezentowanych w cyklu prac

Przedstawione badania s3 badaniami podstawowymi, przyblizajagcymi ideg
neurogennych potencjaldéw wywotanych indukowanych polem magnetycznym
przy stymulacji  przezczaszkowej 1 nadkregostupowej oraz mozliwosci ich

wykorzystania w praktyce klinicznej.

Zaprezentowane wyniki badan maja takze warto$¢ aplikacyjng kliniczna,
prowadzac do wzrostu mozliwosci diagnostycznych technik MEP oraz do poprawy
nieinwazyjnosci 1 skutecznosci monitorowania operacyjnej korekcji skrzywienia
kregostupa, poprzez zaproponowanie modyfikacji istniejgcych standardoéw monitoringu

srédoperacyjnego.
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STRESZCZENIE

W operacjach pediatrycznych na kregostupie, w tym korekcji mtodzienczej skoliozy idiopatycznej, podczas monitoringu neu-
rofizjologicznego coraz czesciej zwraca sie uwage z jednej strony na zwiekszenie precyzji pomiaru przewodnictwa impulséw
nerwowych w szlakach rdzenia kregowego, a z drugiej - na zmniejszenie ryzyka inwazyjnosci stosowanych metod stymulacji
i rejestracji. Nowosciag w tym zakresie jest rejestracja potencjatéw za pomoca elektrod powierzchniowych vs. igtowych, ktére sa
stosowane jako standard. Celem artykutu jest prezentacja wynikdéw badan poréwnawczych neuromonitoringu srédoperacyjnego,
podczas jednoczesnej rejestracji za pomoca elektrod powierzchniowych oraz igtowych ruchowych potencjatéw wywotanych (MEP)
indukowanych bodzcem elektrycznym przezczaszkowo. Przedstawiono wyniki analizy parametréw amplitudy oraz latencji
potencjatéw rejestrowanych przed i po korekcji skolioz, wskazujacych na uzytecznosé nieinwazyjnej rejestracji elektrodami
powierzchniowymi, przy zachowaniu zasady ich precyzyjnosci w okresleniu przewodnictwa neuronalnego w szlakach rdzeniowych.

ABSTRACT

In pediatric spine surgeries, including the correction of juvenile idiopathic scoliosis, during neurophysiological monitoring more
and more attention is paid to enhancing the precision of the measurement of nerve impulse transmission in the spinal cord pathways,
and, on the other hand, reducing the risk of invasiveness of the applied stimulation and recording methods. A novelty in this issue
is the possibility of recording potentials using surface electrodes vs. needles which are used as standard. The aim of this article is to
present the results of comparative studies of intraoperative neuromonitoring, when motor evoked potentials (MEP) induced trans-
cranially with electrical stimuli were recorded simultaneously with the use of surface and needle electrodes. The results of the ampli-
tude and latency parameters analysis in the potentials recorded before and after the correction of scoliosis indicated the usefulness
of non-invasive surface recording, with the principle of its precision in determining the neural transmission in the spinal pathways.

SEOWA KLUCZOWE KEYWORDS

neuromonitoring

operacje skoliozy

ruchowe potencjaty wywotane
rejestracje powierzchniowe

vs. rejestracje igtowe

wartosé diagnostyczna

neuromonitoring
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Wykorzystanie neuromonitoringu srédoperacyjnego
podczas korekcji chirurgicznej skrzywienia bocznego
kregostupa, od momentu opracowania zatozen meto-
dologicznych jego stymulacji i rejestracji, byto powia-
zane z badaniami majacymi na celu zmniejszenie
wystepowania ryzyk ewentualnych powiktan[1, 2]. Z jed-
nej strony byty one zwigzane z nastepstwami elek-
trycznej depolaryzacji kory mézgu jako Zrédta induk-
¢ji ruchowych potencjatéw wywotanych [3], w tym epi-
zoddw egzogennej epilepsji pooperacyjnej [4], zranien
jezyka i krwawienia z nosa [5], a z drugiej — wystepo-
wania powiktan po implantacji igtowych elektrod pod-
skérnych do stymulacji przezczaszkowej lub rejestra-
cji z miesni w postaci wybroczyn, zasinien lub rzadko
wystepujgcych infekcji [6]. U 16% pacjentdw, szcze-
godlnie u dzieci, stwierdzono zaczerwienienia skory ze
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wspotwystepujacym objawem nasilonego bélu, prze-
trwatym niekiedy do 6 miesiecy po zabiegu operacyj-
nym, u ktérych stosowano rejestracje MEP za pomoca
elektrod igtowych [7]. Darcey i wspdtpracownicy wyka-
zali znaczacy odsetek uszkodzen nerwdéw w bezpo-
Srednim kontakcie elektrody igtowej wktutej do miesnia
w trakcie neuromonitoringu neurofizjologicznego [6].
Tamkus i Rice [8] zwrdcili uwage na wystepowanie po-
wiktan w postaci poparzen z wktuwanych elektrod
igtowych wykorzystywanych do rejestracji w trakcie
neuromonitoringu, kiedy réwnolegle stosowano pro-
cedury srodoperacyjnego rezonansu magnetycznego.
Ci sami autorzy wskazali rowniez na wystepowanie zna-
czacego ryzyka zaktuc elektrodami igtowymi u neurofi-
zjologdw, jak i innych oséb na sali operacyjnej podczas
implantacji elektrod, jak i ich usuwania po zabiegu [8].
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Powyzsze powody sktonity personel wykonujacy
neuromonitoring w trakcie operacji pediatrycznych na
kregostupie do préb okreslenia standardéw i precy-
zyjnosci rejestracji srédoperacyjnej MEP za pomoca
elektrod powierzchniowych. Obecnie preferuje sie
nieinwazyjne podejscie do modyfikacji rejestracji MEP,
w wielu przypadkach krytykujgc fundamentalizm w za-
kresie badan neurofizjologicznych opartych na Evi-
dence Based Medicine, w tym zagadnien neuromo-
nitoringu srédoperacyjnego [9, 10]. Nalezy jednakze
pamietac, ze jakos¢ parametréw MEP rejestrowanych
srodoperacyjnie moze by¢ zalezna od gtebokosci
znieczulenia, réznego stopnia zaawansowania pato-
logii w przewodnictwie eferentnym szlakdéw rdzenio-
wych, na trzech etapach chirurgicznej korekcji sko-
liozy oraz zmiennosci impedancji elektrod.

Celem artykutu jest przedstawienie metodologii
i wstepnych wynikéw monitoringu MEP podczas za-
biegéw pediatrycznych korekcji skrzywienia bocz-
nego kregostupa, w nastepstwie stymulacji przez-
czaszkowej seriami impulséw elektrycznych, przy
jednoczesnej rejestracji z tych samych miesni zaréw-
no elektrodami powierzchniowymi i igtowymi.

Metodologia, interpretacja wynikow

Rejestracje MEP z miesni odwodzicieli kciuka (APB)
oraz piszczelowych przednich (TA) obustronnie wyko-
nano metoda bipolarng, jednoczesnie z wykorzysta-
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MEP, w wielu przypadkach krytykujac
fundamentalizm w zakresie badan
neurofizjologicznych opartych

na Evidence Based Medicine.

niem elektrod powierzchniowych (SE; impedancja
okoto 28 kQ)) i igtowych (NE; impedancja okoto 1,5 kQ),
u 21 pacjentek, u ktérych wykonywano chirurgiczna
korekcje mtodzienczej skoliozy idiopatycznej. Ruchowe
potencjaty wywotane w nastepstwie bipolarnej stymu-
lacji elektrycznej przezczaszkowo serig 5 bodzcow
o natezeniu od 150 do 180 mA. Z sekwencji rejestragji
na kolejnych etapach korekcji chirurgicznej do szcze-
goétowej analizy wybrano zapisy odprowadzane po
utozeniu pacjentek na stole operacyjnym na brzuchu
oraz po zakonczeniu korekgcji chirurgicznej skrzywienia
bocznego, w ktdrych wykazano obustronne zachowa-
nie przewodnictwa rdzeniowych szlakéw eferentnych
od poziomu gérnego neuronu ruchowego. Poréwny-
wano parametry amplitud (w pV) oraz latencji (w ms)
nieusrednionych, rejestrowanych potencjatéw. Reje-
stracje wykonywano za pomocg systemu ISIS (Inomed
Medizintechnik, Emmendinger, Germany).

Latencja (ms)
35
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Ryc. 2. Histogramy przedstawiajgce poréwnanie usrednionych parametréw rejestracji MEP odprowadzanych metodq igtowa (NE)
i powierzchniowa (SE) obustronnie z miesni odwodzicieli kciuka (APB) oraz piszczelowych przednich (TA)

28 www.praktyczna-ortopedia.pl




Analiza wykazata proporcjonalny spadek ampli-
tudy potencjatéw rejestrowanych zaréwno SE, jak i NE
u 20 na 21 pacjentek, u ktérych rejestrowano MEP
na drugim etapie obserwacji, czyli po zakorczeniu
korekgji skrzywienia (ryc. 1). Jednakze u 50% bada-
nych stwierdzono niestabilnos¢ (spadek amplitudy)
w rejestracjach SE MEP, natomiast u 45% w rejestra-
cjach NE MEP. Wynikaty one zaréwno z gtebokosci
zastosowanego znieczulenia, jak i byty nastepstwem
manipulacji na kregostupie w trakcie korekgji skrzy-
wienia bocznego, jak i derotacji.

Na rycinie 2 przedstawiono histogramy podsu-
mowujace usrednione wyniki rejestracji z dwdch
okreséw obserwacji, kiedy analizowano parametry
amplitud oraz latencji potencjatéw MEP odprowa-
dzanych obustronnie z miesni odwodzicieli kciuka
(APB) oraz miesni piszczelowych przednich (TA).
Amplitudy MEP zarejestrowane elektrodami powierz-
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chniowymi (SE) osiggaty wartosci o ponad potowe
mniejsze od rejestrowanych przy pomocy elek-
trod igtowych (NE). Srednie amplitudy MEP zareje-
strowane z APB metodg SE wynosity 390 pV, pod-
czas gdy analogiczne metoda NE 1263 pV. Srednie
amplitudy zarejestrowane z TA metoda SE wynosity
354 pV, podczas gdy analogiczne metoda NE 786
uV. Latencje MEP zarejestrowane metoda SE z APB
wynosity srednio 21,6 ms, natomiast z TA 29,2 ms.
Latencje zarejestrowane metoda NE z APB wynosity
Srednio 24,2 ms, natomiast analogiczne z TA 30,5 ms
(ryc. 2).

U 21 badanych nie stwierdzono powiktan poopera-
cyjnych bedacych skutkiem stymulacji przezczaszko-
wej, u 10% rejestracje igtowe pozostawity wynaczy-
nienia ustepujace po okresie tygodnia od operadcji,
podobnie jak w miejscach, w ktérych implantowano
elektrody stymulujace podskdrnie, nadczaszkowo.
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Podsumowanie
Przedstawiona metodologia rejestracji MEP elektro-
dami powierzchniowymi jest poréwnywalnie precy-
zyjna w oszacowaniu przewodnictwa impulséw nerwo-
wych w obrebie rdzeniowych szlakéw eferentnych od
poziomu gérnego neuronu ruchowego do miesni kon-
czyn goérnych i dolnych. Znajac wartosci referencyjne
parametréw MEP rejestrowanych elektrodami igto-
wymi i/lub powierzchniowymi podczas neuromonito-
ringu, mozna wykorzysta¢ odprowadzenie powierzch-
niowe jako uzupetniajace w przypadkach, kiedy uzycie
standardowych elektrod igtowych nie jest konieczne
lub nieuzasadnione u niektérych chorych.
Zastosowanie elektrod powierzchniowych pod-
czas neuromonitoringu do rejestracji MEP skraca cat-
kowity czas zabiegu chirurgicznego zaréwno w za-
kresie implantacji, jak i usuwania elektrod, wstepne
szacunki zaktadajg skrécenie procedury neuromoni-
toringu o okoto pdt godziny, w porédwnaniu do wyko-
rzystywanej techniki rejestracji igtowej. U chorych,
u ktérych wykonuje sie korekcje skrzywienia bocz-

Zastosowanie elektrod
powierzchniowych podczas
neuromonitoringu do rejestracji
MEP skraca catkowity

czas zabiegu chirurgicznego.

nego w zakresie 30—40 stopni, nalezy spodziewac sie,
ze metoda rejestracji MEP elektrodami powierzchnio-
wymi jest wystarczajgco precyzyjna, kiedy amplitudy
rejestracji w warunkach badania przedoperacyjnego
zawieraja sie w zakresie 1000—2000 pV. Przypuszcza
sie rowniez, ze koszty neuromonitoringu metoda SE
w stosunku do NE moga ulec zmnigjszeniu.

Przedstawione obserwacje potwierdzajg poprzed-
nie zatozenia odnosnie do aplikacji elektrod po-
wierzchniowych do neuromonitoringu w trakcie chirur-
gicznych operacji pediatrycznych [7, 8, 9]. Wyniki pilo-
tazowe sa pierwszym udokumentowanym doniesie-
niem w fachowej literaturze medycznej. &
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RIVIEW ARTICLE

REVIEW ON METHODOLOGY AND INTERPRETATION OF RESULTS OF MOTOR EVOKED
POTENTIALS INDUCED WITH MAGNETIC FIELD OR ELECTRICAL STIMULI RECORDED
PREOPERATIVELY OR INTRAOPERATIVELY

PRZEGLAD METODOLOGII I INTERPRETACJI WYNIKOW RUCHOWYCH POTENCJAELOW
WYWOEANYCH INDUKOWANYCH POLEM MAGNETYCZNYM LUB BODZCAMI ELEK-
TRYCZNYMI REJESTROWANYCH PRZED- LUB SRODOPERACYJNIE

Anna Garasz!2, Juliusz Huber!

1Department of Pathophysiology of Locomotors Organs, University of Medical Sciences,
Poznan, Poland

2Faculty of Physics, Adam Mickiewicz University, Poznan, Poland

ABSTRACT

Introduction

The method of motor evoked potentials recordings induced with magnetic field (MEP) (as part

of the differential diagnosis of disease in the musculoskeletal system before the introduction

of treatment) and motor evoked potentials induced with electrical stimuli (during intraop-
erative neuromonitoring) is particularly intensively used among clinical neurophysiology
studies in the last twenty years.

Aim

The aim of the study is to review the practical usefulness of MEP in clinical diagnostics and
present the most common examples of the application of this method, the possibility of
modifications aimed at increasing non-invasiveness, safety and diagnostic precision.

Material and methods

The results of pilot tests of different variants of MEP recordings are presented preoperatively
from muscles and nerves of the lower extremities in healthy volunteers (N = 10) and patients
with disc-root conflicts (N = 15).

Results

Pilot tests show that in healthy people after oververtebral stimulation with the magnetic
field at the lumbar level, the MEP amplitude and latency parameters recorded from nerves
compared to those recorded from muscles are characterized by lower values (amplitudes by
about 50%, latencies with mean at about 3 ms) and the time duration is increased by approxi-
mately 20%. The variability of MEP parameters is similar in patients with disc-root conflict
in preoperative diagnostics, even though mean amplitude values from muscles were lower
in comparison to healthy control group.

Conclusions
The MEP recording method from nerves vs. muscles after oververtebral stimulation with the
magnetic field at the lumbar level in patients with disc-root conflict is diagnostically essential
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in cases of visible atrophic changes in muscles with symptoms of slight pathology in the
transmission of nerve impulses in motor axons.

Keywords: motor evoked potentials, neurophysiological diagnostics, neuromonitoring,
methodological modifications

STRESZCZENIE

Wstep

Wsréd badan neurofizjologii klinicznej ostatnich dwudziestu lat szczegélnie intensywnie
wykorzystywana jest metoda rejestracji ruchowych potencjatéw wywotanych indukowanych
polem magnetycznym (MEP) (w ramach diagnostyki r6znicowej schorzenia w narzadzie
ruchu przed wprowadzeniem leczenia), jak i za pomocg impulséw elektrycznych (w trakcie
neuromonitoringu $rédoperacyjnego).

Cel

Celem pracy jest przeglad praktycznego wykorzystania w diagnostyce klinicznej MEP, przed-
stawienie najczestszych przyktadéw aplikacji tej metody, mozliwosci modyfikacji majgcych na
celu zwiekszenie nieinwazyjnosci i bezpieczenstwa oraz podniesienia precyzji diagnostycznej.

Materiatl i metody

Przedstawiono wyniki testéw pilotazowych réznych wariantéw rejestracji MEP, przedope-
racyjne przy rejestracji z miesni i nerwéw konczyn dolnych u zdrowych ochotnikéw (N = 10)
oraz chorych z konfliktem kragzkowo-korzeniowym (N = 15).

Wyniki

Testy pilotazowe wskazujg, ze u zdrowych ludzi po stymulacji nadkregostupowej polem ma-
gnetycznym na poziomie ledzwiowym, parametry amplitudy i latencji MEP przy rejestracji
z nerwoéw w poréwnaniu do tych rejestrowanych z mie$ni majg nizsze wartosSci (amplitudy
o okoto 50%, latencje o $rednio 3ms) a czas trwania jest wydtuzony o okoto 20%. Zmiennos¢
parametréw MEP ma podobny charakter u chorych z konfliktem krgzkowo-korzeniowym
w badaniach diagnostyki przedoperacyjnej, chociaz $rednie amplitudy z mieéni sg nizsze
w poréwnaniu do osobnikéw zdrowych.

Whnioski

Metoda rejestracji MEP znad nerwéw w poréwnaniu do mieéni po stymulacji nadkregostu-
powej polem magnetycznym na poziomie ledzwiowym u chorych z konfliktem krgzkowo-
-korzeniowym ma znaczenie diagnostyczne w przypadkach widocznych zmian zanikowych
w mieéniach z objawami niewielkiej patologii w przewodnictwie aksonéw ruchowych nerwoéw.

Stowa kluczowe: ruchowe potencjaty wywotane, diagnostyka neurofizjologiczna, neuromo-
nitoring, modyfikacje metodyczne

Introduction

Transcranial magnetic stimulation (TMS) is in cortico-bulbo-spinal pathways for diag-
a noninvasive brain stimulation technique nostic purposes (Merton and Morton, 1980;
that has been used for verification of the Barker et al., 1985; Aglio et al., 2002), while
efferent transmission of neural impulses it'srepetition with series of trains is used for
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both neuromonitoring (Huber et al. 2019;
Charalampidis et al., 2020) and therapeutic
purposes (Danielewski et al., 2015; Le6n
Ruiz et al., 2018; Leszczynska et al., 2020).

Diagnostic significance
Neurophysiological diagnostics with MEP
(motor evoked potentials) uses TMS with
recordings of direct excitation of muscle
motor units from cells of origin and fibers
of corticospinal tracts and motor transmis-
sion in axons of upper and lower extremities’
nerves (Hallet, 2000). However, when applied
TMS stimulus strength exceeds 70-80% of the
resting motor threshold (RMT; 0.84-0.96T),
not only excitation but also inhibition of the
spinal motor centres are observed (Hallet
and Chokroverty, 2005; Oudega and Perez,
2012). This is due to the activation of not
only cortical but also subcortical brain
centres that influence the spinal cord circuits
in a polysynaptic way, including connec-
tions via the inhibitory interneurons (Zhen
and Chen, 2011). In human monosynaptic
excitation of spinal motoneurons follow-
ing applied TMS is described as very rare,
di-or tri-synaptic excitatory and inhibitory
connections are exerted from corticospinal
fibers (Pauvert et al., 1998), not only directly
but with the use of propriospinal connec-
tions (Pierrot-Deseilligny, 1996; Nicolas
etal.,2001). The single, standard sinusoidal
stimulus of 5 ms duration released from
acircular coil of 12 cm diameter generates
the magnetic field stream with the maximum
limit of 2.4 T. When induced transcranially,
it is possible that apart from the cortical
structures, cells of origins of the rubrospi-
nal tract in the midbrain are also excited,
because of the stream penetration up to
5 cm deep (Oudega and Perez, 2012). The
second possibility to study efferent trans-
mission from the spinal level directly to
the muscle is using TMS oververtebrally at
the levels of certain neuromeres (Figure 1).
Combination of direct, transcranially indu-
-ced potentials and subtracted oververte-
brally evoked, provides data about central

conduction time of efferent impulses (Hallet
and Chokroverty, 2005). Diagnostic impor-
tance of MEP application induced with TMS
or at the spinal level has been presented
in studies of patients with brain tumours
resection (Deletis and Camargo, 2001),
stroke (Nascimbeni et al., 2006), myelopa-
thy (Chan and Mills, 2005), radiculopathy
(Bryndal et al., 2019), traumatic brachial
plexus injuries (Wiertel-Krawczuk and
Huber, 2018), incomplete spinal cord injury
(Leszczyniska et al.,, 2020) and facial paralysis
(Kiya et al., 2001).

Clinical relevance, limitations and future
perspectives

TMS (with a single stimulus) and rTMS
(with repetitive train of stimuli) seem to be
safe methods of brain excitation and side
effects are observed only in patients with
epilepsy episodes and post-haemorrhaging
stroke patients (Rossi et al., 2009). Moreover,
amethodological limitation may appear when
motor evoked potentials are recorded in elder
healthy subjects or patients with advanced
muscles atrophy caused by axonal injuries
(especially in disc-root conflicts). Healthy
subjects aged 50-70 years usually display
significant neurogenic changes in muscle
motor units, influenced by sarcopenia, not
especially caused by motor axons degenera-
tive changes but with first visible signs of
muscle mass reduction (atrophy) (Doherty
etal.,1993;Booth et al., 1994). Patients with
disc-root conflicts at the lumbosacral level
may present degeneration of muscle motor
units as a sequence of axonal degeneration
from the level of compressed ventral root
(Bryndal et al. 2019). However, after intro-
ducing conservative treatment, regenerative
processes in motor fibers overtake new motor
units formation, which explains that results
of electroneurographic studies are better
than electromyographic (Krarup et al., 2002,
2016). Summarizing above, we suppose that
motor evoked potentials recorded from
nerves along their anatomical passage are
more stable than recorded from muscles,
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Figure 1. A picture illustrating location of stimulating
and recording electrodes during studies of MEPs when
(A) magnetic stimulus (ms) released from stimulating
coilis applied transcranially or oververtebrally, as well
as during MEPs recordings when (B) electrical stimulus
(es) is induced transcranially with screw electrodes
to depolarize motor cortex during intraoperative
neuromonitoring. In A and B recordings can be
performed with bipolar surface elecrodes from
FN - femoral nerve, RM - rectus femoris muscle,
PN - peroneal nerve, TM - anterior tibial muscle.

s - stimulation, r - recording.

although, they can be characterized by
lower amplitudes and shorter latencies
parameters what comes from properties
of nerves excitation.

Recordings of MEPs with surface elec-
trodes instead needle electrodes including
muscles and nerves combinations during
neurophysiological monitoring associated
with surgical interventions to the spine begin
to make sense because of anaesthesiological
influences and pediatric purposes (Figure 2).

The quality of MEPs recordings during
intraoperative neuromonitoring from muscles
can be significantly influenced by the depths
of anaesthesia or muscle relaxants administra-
tion (Soghomonyan et al.,, 2014), but not those
recorded from nerves. There is a common
agreement on the practical significance
of MEPs recorded following transcranial
electrical stimulation (TES) during surgical
procedures (Figure 3A), especially when the

MEPsrecording station islocated far beyond
the exposed spine (Figure 3B).

The last issue was not studied with the
application of transcranially induced elec-
trical stimulus (rTES - repetitive transcra-
nial electrical stimulation) in comparison
to transcranially evoked with the magnetic
stimulus (TMS). An overview of pediatric
neuromonitoring databases do not show
results of studies focusing on non-invasive
approaches regarding MEPs recordings. It
should be also remembered that during pro-
longed neurosurgical procedures, the natu-
ral, gradual attenuation of the signals may
occur, more in children than adults and the
origin of these changes remains unexplained
(Soghomonyan et al., 2014).

Aim

The study aims to present the preliminary
results demonstrating practical usefulness of

Issues of Rehabilitation, Orthopaedics, Neurophysiology and Sport Promotion — IRONS



Anna Garasz et al.: Review on methodology and interpretation of results of motor evoked potentials induced...

Figure 2. Photographs showing principles of stimulation and recordings variants during
MEDPs collections preoperatively (A) and intraoperatively (B).

Figure 3. A - Photograph illustrating the operative area with exposed dorsal aspect of the spine from cervical
(upper part) to lumbosacral (lower part) levels in one of the patients undergoing the surgical correction of
scoliosis. B — The distance of the recorder’s screen used for MEPs' intraoperative monitoring to the surgical
bed on the surgical theatre.

MEP in clinical diagnostics with the examples
of modifications, which may increase its
non-invasiveness, safety and diagnostic
precision. The hypothesis will be verified on
similarities of MEPs recordings parameters
from nerves vs. muscles of lower extremities in
patients with disc-root conflicts preoperatively
in comparison to same recorded in healthy
subjects.

Materials and methods

The results of pilot tests of different variants
of MEPs recordings have been presented
preoperatively from muscles and nerves of
the lower extremities in healthy volunteers
in comparison to patients with disc-root
conflicts. The sample included 10 healthy
volunteers (control group) and 15 patients
with disc-root conflict at lumbar level (L4-L5)
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preoperatively, aged from 17 to 70 years
(average 43 + 12 years) and from 24 to 85 years
(average 53 + 18 years), respectively. Both
groups represented similar anthropometric
properties like height and weight from 1.73
cm and 79.40 kg (control group) and 1.71 m
and 77.29 kg (patients) on average (Table 1).

anterior tibial muscle (TM) both in patients
and healthy subjects. The results were col-
lected/recorded using the 8-channel KeyPoint
Diagnostic System (Medtronic A/S, Skovlunde,
Denmark). Standard disposable Ag/AgCl
surface electrodes with an active surface of
5 mm? were used. The active electrode was

Table 1. Data on anthropometric and demographical parameters of healthy subjects and patients with disc-root conflict

at lumbar levels under the study.

Parameter Age [years] Height [m] Weight [kg] BMI [kg/m2]
Control Group 17-170 1.58-1.89 52-115 20.1-36.3
N=10 434 +12.6 1.73+0.10 79.40 + 17.06 26.3:4.8
Patients with disc-root conflict 24-85 1.53-1.93 60-105 18.83-44.85
N=15 52.80 + 18.10 1.71 £ 0.10 77.29 + 14.12 26.59 + 6.34

The study was performed from spring
to autumn 2018, carried out in the Depart-
ment of Pathophysiology of the Locomotor
Organs of the Poznan University of Medical
Sciences, Poland. The results both in healthy
volunteers and patients were anonymous by
giving a number in a spreadsheet to the certain
subject after deleting personal data. The study
was approved by Bioethics Committee from
the University of Medical Sciences (includ-
ing studies on healthy subjects; decision No
696/2018). Informed consent was obtained
from all subjects involved in the study.

The main inclusion criteria both in healthy
subjects and patients were no head injuries,
epilepsy episodes, cardiovascular diseases,
psychical disorders, pregnancy, oncologi-
cal episodes, the presence of a pacemaker
or cochlear implants or strokes episodes.
Patients were qualified for study basing on
MRI evaluation showing compression of L5
roots mono- or bilaterally. All neurophysio-
logical recordings in patients were performed
during diagnostic studies ordered by surgeons
from Wiktor Dega Ortophaedics and Reha-
bilitation Clinical Hospital in Poznan, Poland.

Neurophysiological studies included record-
ings of motor evoked potentials, following
magnetic stimulation applied oververtebrally
at L4, L5, while recordings were performed
bilaterally from femoral nerve (FN), rectus
femoris muscle (RM), peroneal nerve (PN),

placed on the muscle belly and the reference
electrode on its distal tendon according to
the Guidelines of European Federation of
Clinical Neurophysiology, when recordings
were obtained from the muscle and while
recorded from nerves, the active electrode is
placed higher than reference electrode. The
ground electrode was located on the leg, near
knee. The recorder’s low-pass filter was set to
20Hz, high-pass filter to 10kHz and the time
base at 10ms/D, the amplification of signals
was set between 200-5000pV. A bandwidth
of 10Hz to 1000Hz and digitalization at 2000
samples per second and channel were used
during recordings. The resistance between
the surface of electrode and the skin was
decreased with electroconductive gel. The
examination was performed in an air-con-
ditioned room in a controlled room temper-
ature with an average temperature of 22°C,
in a supine position.

Motor evoked potentials induced with
magnetic field were elicited oververtebrally
with a single, biphase, lasting 5 milliseconds
pulses to evaluate the efferent transmission of
neural impulses from the spinal motor centres
to nerves above their anatomical passage and
the respective effectors innervated by them.
The motor evoked potentials were be induced
using circular coil C-100, with 110 mm of
diameter, connected to a MagPro X-100 pulse
generator (Medtronic). The maximum limit
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of the magnetic field stimuli was 2.4 T on the
skin surface. The stream of the magnetic field
elicited with the coil at the strength 70-80%
of resting motor threshold (RMT; 0.84-0.96 T)
excited all neural structures up to 3-5 cm deep.
The final averaged recording was obtained
from at least 3 stimulations performed using
a single magnetic pulse with a strength of
60-75% of the maximal stimulus output.
The parameters of amplitudes, latencies and
MEPs durations recorded from nerves and
muscles were analyzed. The amplitude was
measured from peak to peak of the signal, the
latency from the stimulus application marked
by the artefact in the recording to the onset
of potential, the duration from the onset of
the potential to its end with reference to the
isoelectric line.

Patients and healthy subjects did not report
the stimulation as painless, but they felt the
little spread of current to the lower extremi-
ties, they were always awake and cooperating.

Statistical analysis

Statistical analysis of obtained data was
performed using Statistica 13 software (Stat-
Soft, Poland). Descriptive statistics were pre-
sented as minimal and maximal values (range),
mean or median and standard deviations
(SD). Normative parameters were calculated
based on the results obtained from healthy
volunteers in the control group (Table 2).
The Shapiro-Wilk test was used to assess the
normality of distributions in the test score.
T-Student test and mean values were used to
evaluate changes for the depended groups.
P-values of less than 0.05 were considered
statistically significant.

Results
The comparative examples of recordings from
one of the healthy control and a patient with
disc-root conflict at L5 are shown in figure 4,
while the presentation of gathered results is
presented in table 2.

In general, both in the control group and
patients, values of MEPs amplitudes recorded
from nerves were at least half smaller than

those recorded from muscles and all these dif-
ferences were statistically significant except
TM vs PN in patients. Due to the fact that
electrodes recording signals from nerves
are closer to the stimulation area along the
neuronal impulses passage than those from
muscles, it is evident that latencies should
be shorter. As it was expected, the laten-
cies appeared to be significantly shorter (all
p values are much smaller than the level of
significance a = 0,05) in recordings from nerves
than from muscles with a mean at about 3 ms.
Bothin control group and patients, durations
recorded from nerves were observed to be few
milliseconds longer than those recorded from
muscles. Similar differences appeared in FN
vs. RM in both groups of subjects (up to 10%)
and in both groups they were statistically
significant. In PN vs. TM all differences were
significant at about 25% in healthy subjects
in the patients group at about 12%.

In general, one of the most convincing indica-
tions for the stability of nerve recorded MEPs
are shorter ranges of amplitudes than those
recorded from muscles and also represented
by smaller values of standard deviations.

Discussion

In 1988 Owen and co-workers first time have
described and named ,neurogenic MEPs”,
following electrical stimulation of spinal
neuromeres with epidural electrodes for
evaluation of motor transmission of neuronal
impulses when recorded from nerves at pop-
liteal fossa (Park and Hyun, 2015). Such an
approach of MEPs recording was criticized
by Deletis in 2001, because in his opinion,
they correspond to the joined activation of
motor and antidromically excited sensory
pathways. The advantaged of such recordings
are very rapid acquisition and resistance to
most anaesthetics. Our recordings presented
in this study is, up to our knowledge, the first
description of oververtebrally induced MEPs
with stable conditions when recorded from
nerves. We have described the reference
parameters recorded in a group of subjects of
the healthy population which showed better
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Table 2. Parameters of MEPs recordings obtained in control group of healthy volunteers and patients.

Parameter RM EN

P ™ PN P

MEP - Lumbo-Sacral Stimulation (preoperatively)

s 1000.00 - 4000.00  500.0 — 3000.0 1000.0-1500.0  300.0-2000.0
3, Control Group 0.02 0.0002
g (N=10) 1905.00 + 755.30  1405.0 + 625.7 11650+138.8  680.0 + 390.6
S .
& Patients 107.7 - 8000.0 100.0-1300.0 100.0-15000  107.7-2000.0
g (disc-root conflict) 008 0.23
< (N=15) 1498.0+2094.7 4915+ 3915 402.0 + 311.9 310.0 + 414.6
p 0.4 0.0000001 NA 0.0000000 0.003 NA
52-88 33-59 9.7-144 8.00-12.30
- C°““5’1 Group 0.0000000 0.0000000
g (N=10) 6.7+09 43:08 120+ 16 9.20 + 1.07
&' Patients (discroot  5.00-10.83 1.67-6.00 00000000 2002083 6.00-13.00 £.0000000
7] i - . .
E conflict) (N =15) 7.62+ 148 318114 13.92 £ 2.46 10.14 £ 2.00
p 0.023 0.00043 NA 0.0036 0.07 NA
T Control Group 18.9-29.0 24.0-264 0015 6.700-10.200  10.900 - 14.700 £.0000000
= (N=10) 239:25 253:08 8.060-1.015 12.955 + 1.024
o
S Patients 16.67-60.00 19.2-50.0 16.00-45.00 20.0-47.3
5 (disc-root conflict) 0.0294 0.0302
A (N=-15) 27.91:8.38 30.9-6.8 2834+ 713 322469
p 0.046 0.0008 NA 0.0000000 0.0000000 NA

Abbreviations: RM - rectus femoris muscle, FN - femoral nerve (femoral fossa), TM - tibialis anterior muscle, PN — peroneal nerve

(popliteal fossa lateral part)

HEALTHY CONTROL

Ah‘{/\///—’w

|2000quD

‘ ) ‘ Bms/D ] FN right
r FN left

- TM right

L PN right
T R PN left

PATIENT

B M RM right
W RM left

H\/\ FN right

FN left
H\‘—\/\/\ 2000uV/D
10ms/D TM right
M S+ L L

r_"_“ﬂ/kf . PN right
PN left

Figure 4. Examples of MEPs recordings in one of the healthy control and one of the patient group for compari-
son when performed from nerves and muscles following oververtebral stimulation. Note different time base of
recordings in A and B, while the amplification of recordings is the same as indicated by horizontal and vertical

bars, respectively.

parameters than those recorded in patients
with disc-root conflict at L5. The results of
this pilot study need confirmation on the
larger populations of both healthy subjects
and patients.

Conclusions

The MEP recording method from nerves
vs muscles after oververtebral stimulation
with the magnetic field at the lumbarlevel in
patients with disc-root conflict is diagnostically
essential in cases of visible atrophic changes
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in muscles with symptoms of slight pathol-
ogy in the transmission of nerve impulsesin
motor axons. Such a MEPs recording methods
is clinically valuable for the evaluation of
patients at the certain step of rehabilitative
treatment, when the conventional methods
of motor function assessment fail.
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Abstract

Objective: The study aimed to describe properties and to prove diagnostic usefulness of motor evoked potentials
(MEPs) recordings from muscles versus nerves of lower extremities when induced at lumbar levels with magnetic field.
Methods: Methodologically similar MEPs recordings from muscles and nerves of lower extremities were performed
once in healthy volunteers (N=43) and patients with disc-root conflicts at lumbar spine levels (N=43, proven in MRI
studies). Simultaneous electroneurographic (ENG) recordings following stimulation of peroneal nerves verified neural
impulses transmission in motor fibers peripherally and at L5 ventral roots.

Results: ENG studies in patients proven only moderate axonal type of peroneal nerves injury. The mean values of MEPs
amplitudes recorded from nerves were significantly different from those recorded in anatomically related muscles, both
in controls (1179.6 =451.2 vs 1718.3 =481.3) and patients (495.6 =275.9 vs 1218.2 =465.5) (p=0.0009-0.0000012);
they are about 30% and 51% smaller, respectively. In both groups of subjects, latencies of MEPs recorded from nerves
were shorter at about 3.0ms and characterized by a slightly longer duration (3.0-5.0ms) than those recorded from
muscles. Results revealed positive correlations between decrease of amplitudes in sEMG and MEPs recordings from
lower extremities muscles indicating consequences of pathology in neural transmission from spinal centers.
Conclusions: Results of this study point to clear-cut characteristics of MEPs induced over vertebrally with the magnetic
field in parameters recorded in healthy subjects and patients with consequences of chronic L4-L5 low back pain, which
can be easily implemented in clinical practice. Non-invasive method of MEPs recorded from nerves can be helpful for
diagnosing of patients with visible atrophic changes in muscles and simultaneous symptoms of only slight pathology in
transmission of nerve impulses peripherally.

Keywords
Musculoskeletal disorder, motor evoked potentials, recordings from muscle and nerve, electroneurographic
recordings, healthy volunteers, patients with lumbar disc-root conflicts
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muscles of lower and upper extremities."? The relevance
of motor evoked potential recordings (MEPs) utilizing
magnetic stimulation is crucial when its results support
the standard clinical methods used for functional verifica-
tion of the efferent neural transmission in these patients.
They may present the different degrees of degeneration
within axons in the compressed ventral spinal roots, the
motor fibers of nerves peripherally, and the muscle motor
units, depending on the positive results of rehabilitative
treatment. conflicts for diagnostic purposes when recorded
from muscles of lower and upper extremities.!> When
MEPs are recorded in elderly patients with advanced mus-
cle atrophy caused by axonal injuries, especially in cases
of chronic disc-root conflicts, the methodological limita-
tion of this method may appear because of the reduced
number of motor units reacting to the excitation following
applying the magnetic stimulation.! Moreover, many
studies have proven the significant neurogenic changes in
muscles with the first visible signs of muscle mass reduc-
tion caused by sarcopenia in ‘“healthy subjects” aged
50years and more, which are usually not the result of
degenerative changes in the motor axons.? Such a status
may explain better results of electroneurographic studies
better than electromyographic recordings in the same
patient.*> We can hypothesize that MEPs recorded from
nerves with surface electrodes along their anatomical pas-
sage can be more stable than those recorded from muscles
for the diagnostic purposes of clinical neurophysiology.
However, they can be characterized by different param-
eters of amplitudes, latencies and durations than those
recorded from muscles, which come from the properties

of nerve excitation. An attempt of their parameters
description was undertaken by studies of Owen et al.
(1988)°. They first described and named “neurogenic
MEPs” following electrical stimulation of spinal neu-
romeres with the epidural electrodes to evaluate the trans-
mission of the neuronal impulses recorded from nerves at
the popliteal fossa. They did not use the non-invasive
magnetic stimulation for the diagnostic purposes.®

This study aimed to describe the parameters and to verify
the clinical usefulness of neurogenic oververtebral-induced
MEPs with the simultaneous recordings from nerves and
muscles of lower extremities in healthy volunteers and
patients with disc-root conflicts at lumbar spine levels for
comparison. The combination of MEPs recorded from
nerves with results from MRI studies could be a precise diag-
nostic tool, valuable for undertaking the decision about the
treatment perspectives of the patients with low back pain.

Material and methods

Subjects and study design

The study has been performed in accordance with the
Declaration of Helsinki and was approved by the Bioethics
Committee from the University of Medical Sciences
(including studies on healthy subjects; decision No
696/2018). We preliminary recruited a 100 of the subjects
for this study, both healthy volunteers and patients with
symptoms of lumbosacral chronic disc-root conflicts,
divided in two groups, fifty persons each (Figure 1). Before
the same applied clinical and neurophysiological
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Table I. Anthropometric and demographic characteristics of the subjects.

Parameter Age (years) Height (cm) Weight (kg) BMI
Control group 17-70 156-189 52-115 15.5-36.3
209, 23¢ 43.0*+10.9 174 =0.07 73.7£13.6 243+4.0
N=43

Patients 23-72 153-193 55-107 18.8—44.9
299, 145 45.3£93 172+0.9 75.3 % 13.1 264+£5.0
N=43

p-Value (difference) 0.8l 0.91 0.95 0.05

Q: female; & male.

examinations, they declared a stable psychological status
and signed the informed consent for further participation
in the project. The subjects have understood the potential
for no benefit and the risk of all procedures. Exclusion cri-
teria were previous head or spine injuries, epilepsy epi-
sodes, cardiovascular diseases, pregnancy, oncological
episodes, a pacemaker or cochlear implant, stroke episode,
inflammatory diseases, polyneuropathies, or COVID-19-
related pathologies. The qualification of subjects to two
groups was performed the same experienced specialist
neurologist. Out of eight subjects, four did not meet the
inclusion criteria, two declined to participate due to social
reasons, and two showed a health status worsening. Among
92 participants, 47 of them were patients with clinically
confirmed symptoms of chronic disc-root conflicts at
L4-L5 spinal levels in the magnetic resonance neuroimag-
ing of the lumbosacral spine (MRI), and 45 were healthy
volunteers creating the control group. The patients and the
healthy volunteers did not differ greatly in demographic
and anthropometric characteristics (Table 1). Six subjects
declined to participate after applying the set of neurophysi-
ological examinations, and the final analysis included 43
healthy controls and 43 patients.

All patients were treated with similar conservative
methods of kinesiotherapy and physicotherapy in rehabili-
tation toward the consequences of disc-root conflicts at
L4-L5 spine levels.” Clinical (MRI—magnetic resonance
neuroimaging of the lumbosacral spine, sensory perception
studies toward innervation of L4-S1 dermatomes, muscle
strength evaluation with Lovett’s scale, patellar tendon and
Achilles tendon reflexes tests, assessment of the pain inten-
sity with visual analog scale, and straight leg raising test) as
well as neurophysiological studies revealed,'’ that none of
the patients represented acute sciatica; medically they were
treated because of the chronic L4, LS low back pain for
3years from the onset of disease.

Neurophysiological studies

All subjects had performed the neurophysiological testing
in a supine position with a four-channel Keypoint System
(Medtronic A/S, Skevlunde, Denmark), in an air-condi-
tioned room with an average temperature of 22°C.

The electromyographic activity of motor units was
recorded bilaterally from the rectus femoris muscle (RM)
and the tibialis anterior muscle (TA) with surface electrodes
(sEMG) during their maximal contraction attempts lasting
Ss (Figure 2(a)). Standard disposable Ag/AgCl surface
electrodes with an active surface of 5mm? were used, and
the ground electrode was located on the distal part of the
leg. The active electrode was placed on the muscle belly
and a reference electrode was on its distal tendon according
to the Guidelines of the International Federation of Clinical
Neurophysiology—FEuropean Chapter. In the first stage of
the trial, the examined subject was asked to fully relax the
examined muscles and then perform a maximal contraction
for 5s during which the simultaneous recording took place.
Participants were instructed to contract the tested muscle as
hard and as quickly as possible until the neurophysiologist
requested them to finish the attempt. The recruitment of the
muscle motor units heard by the patients in the loudspeaker
of the recorder motivated the subjects in a biofeedback
way. The test was conducted three times, with a 1-min
interval resting period between each muscle contraction;
the recording with the highest amplitude (in uV) and fre-
quency (in Hz) parameters was selected for analysis. The
average amplitude parameters (minimum—maximum, peak-
to-peak, recruiting motor unit action potential deflections
with reference to the isoelectric line measured in pV) and
motor unit firing frequencies (number of recruited motor
unit action potentials in Hz, FI) were the outcome meas-
ures. The frequency index 3-0 (FI) (3—95-70 Hz—normal;
2—65-40 Hz—moderate neurogenic abnormality; 1—35—
10Hz—severe neurogenic abnormality; 0—no contrac-
tion) was used for the evaluation of neurogenic changes
advancement in muscle motor units of according to the
description presented elsewhere.!’° FI was calculated with
the use of automatic analyzing software included in
KeyPoint System, compared to the online readings of
SEMG recordings. Two experienced neurophysiologists
independently read out the parameters of SEMG recordings
from the memory of the recorder, and the judgment of the
third investigator in the project confirmed the final result.
SEMG recordings were performed at the base time of
80ms/D and amplification of 20-1000uV. The upper
10kHz and lower 20 Hz filters of the recorder were used.
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Figure 2. Principles of motor evoked potentials (MEPs) neurophysiological studies performed in the healthy volunteers and
the patients with L4-L5 disc-root conflicts. (a and b) Location of surface electrodes for bilateral MEP recordings (r) from lower
extremities nerves along their anatomical passage (r|-femoral nerve, r3-peroneal nerve) and over muscles (r2-rectus femoris
muscle, r4-anterior tibial muscle, also used for sEMG recordings during maximal contraction). (c) Location of the magnetic
stimulation coil (s) for MEPs evoking, when applied oververtebrally at L4-L5 neuromeres .

The electroneurography (ENG) of peroneal nerves was
used for bilateral detection of abnormalities in the trans-
mission of neural impulses within motor fibers peripher-
ally as well as for the verification of neural transmission in
lumbar spinal ventral roots. Following the application of
electrical, rectangular pulses with 0.2 ms duration, at 1 Hz,
and the intensity from 0 to 80 mA delivered from the bipo-
lar stimulating electrodes over the skin along their ana-
tomical passage, the M-waves (CMAP) and F-waves were
recorded from the extensor digitorum longus muscles.
Recordings of these potentials verified transmission of
neuronal impulses in the motor fibers peripherally and
within L5 ventral spinal roots, respectively. The record-
ings were performed at the amplification of 500—
5000 uV/D and a time base of 5-10ms/D, and compared
to normative values recorded in the healthy volunteers
with the patients. The outcome measures were the param-
eters of amplitudes (in pV) and latencies (in ms) for
M-waves, interlatencies of recorded M-F waves (in ms),
and frequencies for F-waves (normally not less than 14
during evoking 20 positive, successive recordings of M —
waves). More detailed descriptions of hereinabove men-
tioned ENG studies mainly in patients with lumbosacral

disc-root conflicts are provided in the papers of Wojtysiak
et al.! and Huber et al.”

The recordings of the motor evoked potentials (MEPs)
from nerves and muscles of lower extremities bilaterally
(Figure 2(a) and (b)) were induced following the applica-
tion of the single magnetic stimuli oververtebrally at levels
of excitation the motor centers and ventral roots within L4
and L5 neuromeres (Figure 2(c)). They aimed to ascertain
the changes in the total efferent transmission of neural
impulses in patients with symptoms of the disc-root con-
flicts at L4-L5 spinal levels and in healthy volunteers to
obtain the reference values of neurophysiological record-
ings for comparison.

The MagPro R30 magnetic stimulator (Medtronic A/S,
Skevlunde, Denmark) was used to induce the motor
evoked potentials diagnostic studies (MEPs) when record-
ings were performed bilaterally from femoral nerves (FN)
at iliac fossa and peroneal nerves (PN) laterally from the
head of the fibula along their anatomical passage, as well
as from rectus femoris (RM) and anterior tibial (TM) mus-
cles, respectively. Two to five single magnetic stimuli with
the single pulse duration of Sms (sinusoidal, wave fre-
quency of 1 Hz) were delivered via a circular coil (C-100,
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Table 2. Comparison of the results from electromyographic (SEMG) recordings in two groups of subjects.

Measured parameter Recording site Control group Patients p

RM mcEMG (pV) 1423.4+110.2 998.3£221.4 0.02
Fl 28=x0.1 23x03

TA mcEMG (pV) 1722.8 = 121.1 1302.4 = 167.2 0.03
Fl 29=x0.1 24+03

RM: rectus femoris muscle; TM: anterior tibial muscle; Fl: Modified frequency index (3-0)—frequency of motor units action potentials recruitment
during maximal contraction sEMG recording: (3—95-70 Hz—normal; 2—65—40 Hz—moderate neurogenic abnormality; |—35-10 Hz—severe

neurogenic abnormality; 0—no contraction).

Cumulative data from the left and right sides are presented (mean values and standard deviations). Significant differences are marked bold.

12cm in diameter) from the magnetic field generator; the
magnetic field stream strength was 70%-80% of the maxi-
mal stimulus output (2.4 T); the expected depth of stimula-
tion was to 3—5 cm deep.!>!0!!

MEPs were recorded with the pair of standard disposa-
ble Ag/AgCl surface electrodes with an active area of
recording of 5mm? (Figure 2(a) and (b)), similar to the
surface electromyography recordings from muscles. The
active electrode was placed on the muscle belly and the
reference electrode on its distal tendon according to the
procedure described elsewhere.! When MEPs were
recorded from nerves, the active electrode was placed
above the reference electrode along their anatomical pas-
sage as usually used in the standard ENG examination.” '
The ground electrode was located above the knee uni- or
monolaterally. The resistance between the electrode sur-
face and the skin was decreased with the electroconductive
gel. MEPs were usually recorded at the time base of
10 ms/D and amplification at 100—2000 pV; low-frequency
20Hz and high-frequency 10kHz filters were used in
KeyPoint recorder. A bandwidth of 10-1000 Hz and digi-
talization at 2000 samples per second and channel were
used during recordings. Peak-to-peak amplitudes (in pV),
latencies (from the onset of stimulus artifact to the onset of
the potential in ms) and durations (from the onset to the
end of potential with the reference of isoelectric line in ms)
parameters of MEPs were analyzed when recorded from
nerves and muscles and compared in healthy subjects from
the control group and patients. The method of MEPs
recording from the nerves, except for the modest descrip-
tion by Deletis,'? is original in this study. The experience
of authors in MEPs recordings from the muscles is
described elsewhere.!>10

Statistical analysis

Statistical data were calculated with Statistica 13.3 soft-
ware (StatSoft, Krakow, Poland). Descriptive statistics
included minimal and maximal values (range), mean and
standard deviations (SD) for measurable values. The
results from all neurophysiological tests performed in
patients with the disc-root conflicts at the lumbosacral lev-
els were also calculated from the group of healthy subjects
to achieve the normative parameters used for comparison

of the health status between patients and controls. The
Shapiro-Wilk test was conducted to assess the normality of
distributions, as well as Leven’s test to measure the homo-
geneity of variances in some cases. The combination of
nerve vs muscle results parameters was evaluated and
compared as dependent groups with a dependent T-Student
test (paired difference r-test), whereas the differences
between patients and healthy subjects were calculated
using an independent T-Student test. p-Values of less than
0.05 were considered to be statistically significant.
Spearman’s rank correlation (r)) was used to assess the
relationships between results of neurophysiological stud-
ies in patients. p-Value <0.05 was assumed for rank cor-
relation to be statistically significant. Before the study was
completed, the preliminary statistical analysis of both
groups was performed to determine the required sample
sizes with the primary outcome variable of RF and TA
muscles and FN as well as PN nerves amplitude record-
ings. The test power was established at 80% and a signifi-
cance level at 0.05 (two-tailed). The mean and standard
deviation (SD) were calculated using the data from the
first 10 control subjects and 15 patients. The sample size
software estimated that at least 30 healthy subjects and 36
patients were needed for the purposes of this study.

Results

The data in Table 2 indicates that both amplitudes and fre-
quency indexes in SEMG recordings from more RM than
TA muscles differed significantly from those recorded in
the healthy volunteers included in a control group. The
degree of the decrease of these parameters is typical for
SEMG recording in patients with consequences of lum-
bosacral disc-root conflicts, indicating the chronic, long-
lasting neurogenic changes in the function of muscle motor
units.

The results of electroneurographic (ENG) studies
performed in the healthy subjects and the patients with
symptoms of L4, L5 disc-root conflict are convincing
(Table 3), that there are differences at p=0.05-0.03 in
more parameters of amplitudes than latencies of periph-
erally recorded orthodromic M-wave (CMAP) evoked
potentials following the stimulation of peroneal nerves.
This proves the moderate axonal type of injury in motor
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Table 3. Comparison of the results from electroneurographic (ENG) recordings in two groups of subjects following electrical

stimulations of peroneal nerves.

Stimulation site Measured parameter Control group Patients p-Value (difference)
M-wave Ankle Amplitude (uV) 51643+ 15782 4485.7 = 1285.0 0.05
Latency (ms) 4.7+0.7 48=*1.1 0.04
M-wave Below knee Amplitude (uV) 5628.6 = 1278.6 4992.9 = 15485 0.05
Latency (ms) 11.5£1.0 13.6£1.8 0.05
M-wave Above knee Amplitude (pV) 4864.3 = 1290.4 4450.0 = 1148.8 0.05
Latency (ms) 13.0£0.9 147 1.7 0.03
F-wave frequency (x/20) 176 1.6 13.1222 0.04
M-F latency (ms) 432+x2.1 45241 0.04

M-wave: compound muscle action potential (CMAP) recorded from the extensor digitorum longus muscles; F-wave: antidromic potential verifying

the neural transmission in ventral root fibers.

Cumulative data from the left and right sides are presented (mean values and standard deviations). Bold letters indicate significant differences.
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Figure 3. Recordings of MEPs from one of the healthy volunteers included in the control group (a) and from one of the patients
with disc-root conflicts at the level of L4 and more L5 neuromeres (b) predominantly on the left side as revealed in MRI studies.
Note decrease of the amplitude parameters recorded from the rectus femoris muscle and the femoral nerve on the left side and
the general diminishing of the same parameter recorded from the anterior tibial muscle and the peroneal nerve on both sides.
RM: rectus femoris muscle; FN: femoral nerve; TM: anterior tibial muscle; PN: peroneal nerve.

fibers peripherally detected in the patients. Moreover,
the low frequencies (n=13, on average) of the antidro-
mically recorded F-waves in patients, with the reference
to the normal (more than n=17, on average) recorded in
controls, provide insight into the origin of only slight
pathology in L5 ventral spinal root fibers, the same at
p=0.04.

None of the patients or healthy subjects sensed the
oververtebral magnetic stimulation as painful; they all
reported little spread of current to the distal parts of the
lower extremities. Examples of comparative recordings of
MEPs recorded from muscles and nerves in one of the
healthy volunteers and a patient with disc-root conflict at
L4 and LS5 are shown in Figure 3, while the summary of all

gathered parameters from MEPs recordings is presented in
Table 4.

In general, the mean values of MEP amplitudes
recorded from nerves significantly differed from those
recorded in anatomically related muscles, both in the
controls and patients; they were about 30% and 51%
smaller, respectively. If we consider that the decrease of
amplitude in MEP recording from nerve more than from
muscle reflects the decreased number of motor axons
transmitting the efferent neural impulses, the patients in
this study presented about 57% of their loss in compari-
son to the healthy volunteers (Figure 4(a) and (d)).

According to the larger difference between nerve and
muscle amplitudes in patients at L4 level (65%) one might
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Table 4. Comparison of results from motor evoked potential (MEP) recordings in two groups of subjects.

p-value (difference)

PN

™

p-value (difference)

FN

RM

Parameter

0.0000012
(28.7%)
0.0009
(37.1%)

100-3000

10001500

0.0000003
(32.7%)

500-3500

10004100

Control group

Amplitude (uV)

850.0 * 372.1
60-2450

1187.3 = 1524
100-4000
555.3 + 370.4
0.0000000
(53.2%)
9.7-15.0

1509.3 * 530.4
80-3600

2249.4 + 810.2
105-9000

0.0000009
(65.2%)

Patients

341.9 = 183.7
0.0000000

(59.3%)
7.2-12.9

649.4 + 3682
0.0000000
(56.1%)

1881.2 = 561.0

02131

p-value (difference)

(162%)
5496
72

0.0000000
(1.9ms)

0.0000000
(3.4ms)

3.30-7.2
38

Control group

Latency (ms)

105 = 1.4

124 + |.1
5.1-325

1.2

1.2

0.0000000

(4.2ms)

2.7-29.1
9.9

0.0000000
3.1ms)

4.52-21.6
48

6.3-25.3

7.9

Patients

14,1 + 44
0411217
(1.7ms)
55-10.7

7.8

+22

43

0.0003425
(0.6ms)

0.0000000
(1.0ms)
21.4-33.1

0.0035514
(0.2ms)

p-value (difference)

0.0000000

(8.3ms)

9.1-29.4

0.0000041
(3.3ms)

8.6-30.1

Control group

Duration (ms)

16.1 + 43
16.2-53.7
31.1 82

1.3

247 = 1.4

214 =51

0.0024
(3.3ms)

14.3-49.4
28.1 =75
0.0000000

(20.3ms)

0.0015
(5.0ms)

15.5-78.4

11.0-57.9
282 *+74

Patients

332+ 132
0.0000000

(8.5ms)

0.0000000
(15.0ms)

0.0000002
(6.8ms)

p-value (difference)

RM: rectus femoris muscle; FN: femoral nerve; TM: anterior tibial muscle; PN: peroneal nerve.

Cumulative data from the left and right sides are presented (mean values and standard deviations). Bold letters indicate significant differences.

consider that most of the examined patients represented
the disc-root conflicts-related abnormalities at the L4-level
rather than L5-level.

The mean values of MEPs latencies recorded from
nerves significantly differed from those recorded in ana-
tomically related muscles; they were shorter at about
2.6ms in the controls and 3.6 ms in patients (Figure 4(b)
and (e)). The parameters of MEPs latencies, although sig-
nificantly different in controls and patients (at about
1.0ms) in recordings more from the nerve than from the
muscle, don’t seem to be a valuable tool in the differential
diagnosis of disc-root conflict consequences.

MEPs recorded from nerves were significantly charac-
terized by a longer duration than those recorded from mus-
cles with a variable difference of the mean value from 3.3
to 8.3 ms, both in the recordings in the healthy volunteers
and the patients (Figure 4(c) and (f)).

Due to the small differences and their dispersion with
reference to the latencies and durations parameters of
MEPs recorded in patients and controls as obtained in this
study, only the decrease of amplitude may be related to the
detection of the pathological symptoms in clinical tests.

At the beginning of the project, it was presumed that
MEPs recorded from nerves can be also contributed by the
overlapping muscle response evoked activity of the inner-
vated motor units. However, as it can be seen in the exam-
ples of the recordings presented in Figure 5, both in the
patient (B) and in the control subject (C), no clear sSEMG
activity could be recorded with 13 electrodes located over
PN on both sides during the attempt of TA muscle maximal
contraction, while it could be recorded with r4 electrodes.
In no of the subjects under this study, we could observe the
amplitudes of SEMG recordings more than 50 uV with r3
electrodes. This proves the lack of clear overlapping of the
muscle response during MEPs recordings with r3 elec-
trodes over the peroneal nerves (Figure 5(c)).

The correlation study results of the examined parame-
ters from neurophysiological tests in patients are presented
in Table 5. The positive correlations between the decrease
of amplitudes in sSEMG and MEPs recordings from the
lower extremities muscles indicate the consequences of
pathology in neural transmission from the spinal centers.

Discussion

Studies of clinical neurophysiology together with basic
clinical studies bring benefits for the diagnosis and evalu-
ation of the management of different spine pathologies and
syndromes which appear frequently in a contemporary
general population, such as disc-root conflicts. This study
describes the first time normative parameters of the motor
evoked potentials induced oververtebrally at L4-L5 spinal
neuromeres with the magnetic field in a large population
of healthy subjects when recorded from nerves in compari-
son to the muscle recordings. The mean values of MEPs
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Figure 4. Histograms of mean amplitudes (expressed in pV), latencies (in ms) and time durations (in ms) of MEPs recorded from

rectus femoris muscle (RM), femoral nerve (FN), anterior tibial muscle (TM) and peroneal nerve (PN), following the oververtebral

magnetic stimulation at the lumbosacral level in subjects from the control group (a—c) and the patients (d—f). Cumulative data from
the left and right sides are presented.
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Figure 5. (a) Photograph of the locations of the electrodes for simultaneous, bilateral MEPs recordings over the peroneal nerves
(r3, laterally from the head of the fibula along their anatomical passage) and from TA muscles (r4). The same recording electrodes
have also been used for simultaneous sEMG recordings during the attempts of maximal TA muscle contractions. (b) Examples of
bilateral SEMG recordings according to the scheme presented in A during the attempt of maximal TA muscle contraction in one
of the patients. (c and d) Examples of bilateral MEPs and sEMG recordings according to the scheme of the electrode locations
presented in A in one of the healthy volunteers from the control group.

RM: rectus femoris muscle; FN: femoral nerve; TM: anterior tibial muscle; PN: peroneal nerve.

Table 5. Spearman’s rank correlation (r,) of the test results
obtained in neurophysiological studies.

Recording site measured RF sEMG amplitude (uV)

parameter
RF MEP amplitude (uV) r p

0.73 0.03

TA sEMG amplitude (uV)
TA MEP amplitude (pV) r, p

0.61 0.04

RM: rectus femoris muscle; TM: anterior tibial muscle; sSEMG: surface
electromyography; MEP: motor evoked potential.

Cumulative data from the left and right sides are presented. p-Values <
0.05 are assumed, for rank correlation, to be statistically significant.

parameters—more amplitudes than latencies and durations
recorded from nerves are significantly different from those

recorded in anatomically related muscles and also in the
patients with consequences of chronic L4-L5 low back
pain, which observation can be easily implemented in the
clinical practice. Comparison of results allows for a clear-
cut diagnosis of the pathology in the total efferent trans-
mission of neural impulses from lumbosacral motor
centers and spinal roots via nerve branches peripherally to
effectors. As presented in original MEP recordings in
Figure 3(b), by comparing the amplitude parameter
decrease on both sides or monolaterally when recorded
from the nerve, the lateralization of predicted conse-
quences of discopathies on one or two spine levels can be
documented. It can be supposed that such a diagnostic
tool, in combination with results from MRI studies, may
be valuable both for the rehabilitation practitioner and the
surgeon while undertaking the decision about the future
patient’s treatment. The phenomenon of only slight pathol-
ogy in motor fibers of peroneal nerves peripherally and L4
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and L5 ventral spinal roots fibers detected in ENG studies
in contrast to the significant neurogenic changes confirmed
in SEMG test, can be explained by the effectiveness of
treatment of long-lasting chronic consequences of L4-L5
disc-root conflicts in the patients under this study. They
received the similar procedures of kinesiotherapy and
physicotherapy in the course of rehabilitation leading to
the improvement in the efferent transmission from the
lumbosacral spinal centers but did not present the full rein-
nervation of muscle motor units, yet.!’

The method of MEPs recorded from nerves can be clin-
ically significant in diagnosing patients with visible
atrophic changes in muscles when the simultaneous symp-
toms of only slight pathology in the transmission of nerve
impulses within regenerating motor axons may be detected
in electroneurographic studies.” We assume this method is
a complementary way able to avoid some interpretation
errors in the diagnostic process. The approach of MEPs
recording from the nerve was criticized by Deletis'?
because of the possibility of the joined activation of motor
and antidromically excited sensory pathways. Even
though, the clinical advantages of such recordings are very
rapid acquisition and resistance to most anesthetics,
including those influencing the transmission at the level of
motor end-plate®

One of the most important findings of this study is the
more significantly different parameters of MEPs ampli-
tudes recorded from nerves than from muscles in patients
with low back pain (see Figure 4). It seems that these indi-
cators may characterize changes more in the motor axon of
nerves peripherally than in muscle motor units, suggesting
a sequence of pathological phenomena that needs further
studies to be explained. Results of the present study prove
the positive correlation between the decrease of ampli-
tudes in sSEMG and MEPs recordings from the lower
extremities muscles indicating the consequences of pathol-
ogy in neural transmission from the spinal centers.

One of our study’s limitations is that the mechanism of
action and the exact targets of the applied magnetic stimu-
lus within the lumbar neuromeres are not well under-
stood,!! perhaps due to the location of the stimulation coil
center and the direction of the magnetic field spread.
Moreover, the heterogeneity of the injuries in the patients
with disc-root conflicts at the lumbar spine in this study
should be mentioned as one of the factors influencing the
obtained results. The advantage of this study are the simul-
taneous electroneurography tests in a studied group of
patients, which provided the scope on the functional state
of only motor axons’ neural transmission within the nerves.
Future ENG studies should indicate the different develop-
ment of abnormalities or the additional signs of regenera-
tion. However, this study intended to draw attention to
neurogenic MEPs and verify the usefulness of the mag-
netic stimulation procedure to be implemented alone in
clinical practice. Performing the non-invasive diagnostics

with magnetic stimulation and the significant number of
the studied patients for which the clinical diagnostics had
been completed seems to be the main advantage of the
study. Studies toward explaining the morphology of nerve
versus muscle-recorded MEPs are also especially impor-
tant, considering the “resistance” of nerve-recorded poten-
tials to paralysis applied by the anesthesiologists when the
intraoperative neuromonitoring of the spine surgeries is
performed.

Conclusion

Results of this study point to the clear-cut characteristics
of MEPs induced oververtebrally with the magnetic field
in parameters recorded in the healthy subjects and patients
with consequences of chronic L4-L5 low back pain, which
can be easily implemented in clinical practice. The method
of MEPs recorded from nerves can be clinically crucial in
diagnosing patients with visible atrophic changes in mus-
cles and the simultaneous symptoms of only slight pathol-
ogy in the transmission of nerve impulses within
regenerating motor axons, especially as a supplementary
test procedure to those that are conventionally used.
Although MEPs recorded from nerves are characterized by
different values of amplitudes (smaller), latencies (shorter),
and comparable durations than those from muscles, they
seem to represent more stable physical variables as they
appear to have smaller standard deviations, which is essen-
tial for diagnostic purposes. These variations are not
dependent on the site of MEP induction. The method of
motor evoked potentials recorded from nerves instead of
muscles can be a precise diagnostic tool, which in combi-
nation with results from MRI studies, may be valuable
both for the rehabilitation practitioner and the surgeon
while undertaking the decision about the future treatment
of the patients with low back pain.
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Abstract

Introduction: Motor evoked potentials (MEPs) are currently considered as a more useful method for
neurophysiological intraoperative monitoring than somatosensory evoked potentials in cases of surgery
applied to patients with adolescent idiopathic scoliosis. The non-invasive approach is preferred to mod-
ify MEP recordings, criticizing, in many cases, the fundamentalism for neurophysiological monitoring
based only on needle recordings. The aim of the review is to provide our own experience and practical
guidelines with reference to neuromonitoring innovations.

Material and methods: Recordings of MEPs with surface electrodes instead of needle electrodes in-
cluding nerve instead of muscle combinations during neurophysiological monitoring associated with
surgical interventions to the spine have become more relevant for pediatric purposes, avoiding the an-
esthesiology-related influences. Observations on 280 patients with Lenke A-C types of spine curvature
are presented before and after the surgical correction.

Results: The MEPs recorded from nerves do not undergo fluctuations at different stages of scoliosis
corrections and the anesthesia effect more than MEPs recorded from muscles. The use of non-invasive
surface electrodes during neuromonitoring for MEP recordings shortens the total time of the surgi-
cal procedure without diminishing the precision of the neural transmission evaluation. The quality
of MEP recordings during intraoperative neuromonitoring from muscles can be significantly influenced
by the depth of anesthesia or administration of muscle relaxants but not those recorded from nerves.
Conclusions: The proposed definition of “real-time” neuromonitoring comprises the immediate
warning from a neurophysiologist about the changes in a patient’s neurological status during scolio-
sis surgery (especially during pedicle screws’ implantation, corrective rods’” implantation, correction,
distraction and derotation of the spine curvature) exactly during the successive steps of corrective
procedures. This is possible due to the simultaneous observation of MEP recordings and a camera
image of the surgical field. This procedure clearly increases safety and limits financial claims resulting
from possible complications.

Key words: spine surgery, neuromonitoring, spinal cord neural transmission, health care and safety
management.

Introduction cation of nerve impulse transmission in the structures
of the spinal cord during spinal surgery, not affecting

Intraoperative neuromonitoring is a clinical neuro-  the aseptic nature of the surgical field. It is also often
physiology procedure, most often equated with verifi-  used to assess the neuronal function of the supraspinal
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centers in neurosurgery and surgical reconstructive pro-
cedures in the peripheral nervous system.

Currently, “neuromonitoring” is also more and more
often used in terms of the use of comparative clini-
cal neurophysiology examinations to reliably quantify
the progress of treatment, including rheumatology, neu-
rology, neurosurgery, orthopedics and rehabilitation.

The main aim of classical intraoperative neuromon-
itoring, since the development of its methodological
principles of stimulation and recordings, was reducing
the risk of possible neurological complications associat-
ed with spine surgery, most often in patients with idio-
pathic scoliosis [1, 2].

The success of spondyloorthopedic treatment in
cases of patients with spinal deformities depends on
many factors, including the lack of iatrogenic impact
of the surgery itself in relation to nerve structures.

The procedure of neuromonitoring includes verifica-
tion of the nerve impulse transmission in the motor and
sensory pathways of the spinal cord as well as the spinal
roots using neurophysiological procedures with electri-
cal or magnetic stimuli.

According to the report of the Scoliosis Research
Society from 1974, in about 100 out of 8,000 patients,
the treatment was accompanied by complications relat-
ed to changes in sensory and motor neural transmission
of the spinal cord pathways.

In 2010 Carl et al. [3] presented a study of 700 spine
cases treated surgically and identified a 14% incidence
rate of perioperative adverse events, which resulted in
a final 3.2% complication rate.

Data from PubMed in 2020 provide the incidence
rate of perioperative adverse events in scoliosis patients
at 8.2%. The development of surgical techniques re-
duced the incidence of complications. One of the most
popular methods of verifying non-invasive treatment
until the end of the 1980s was the Vauzelle and Stag-
nara wake-up test.

During this test, the integrity of the spinal cord mo-
tor pathways is verified. Apart from the negative psy-
chological aspects in relation to the patients tested with
this method, its effectiveness is not unequivocal [4].

The method of somatosensory evoked potentials
(SEPs), from the very beginning of its clinical application
for verification of the afferent pathways’ transmission,
was burdened with the instability of the recording pa-
rameters (both amplitude and latency) at the succes-
sive stages of the surgical procedures and the influence
of the level of anesthesia on their fluctuations. In some
cases, the inability to record SEPs came from a reduction
in the responsiveness of nerve structures to stimulation
with an electrical stimulus resulting from the possible
process of ischemia [5].
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In 1980, Merton and Morton, during a neurosurgi-
cal operation, successfully introduced the technique
of intraoperative recording of motor evoked potentials
(MEPs) using transcranial stimulation, first with an elec-
trical stimulus and then with a magnetic stimulus, which
turned out to be effective enough to overcome the skep-
ticism of surgeons regarding its usefulness [6].

Intraoperative neuromonitoring at the beginning
of the 215t century is not only a standard in which sur-
geons see the potential benefit of increasing the safety
of the patient’s treatment; it is also a strong point of ar-
guments of hospital administrators in negotiations with
lawyers representing the patient [7].

The introduction of neuromonitoring procedures to
many countries in Europe was justified by the statistics
of the decrease in iatrogenic perioperative complica-
tions. Since 2010, in accordance with the recommen-
dations of the American Society of Neurophysiological
Monitoring, clinical neurophysiologists have more and
more often supported surgeons in performing this pro-
cedure [8].

In pediatric spine surgery, including the correction
of juvenile or adolescent idiopathic scoliosis, during
neurophysiological monitoring more and more attention
is paid to enhancing the precision of the measurement
of nerve impulse transmission in the spinal cord path-
ways, and, on the other hand, reducing the risk of inva-
siveness of the applied stimulation and recording meth-
ods. A novelty in this issue is the possibility of recording
potentials using surface electrodes instead of the stan-
dard needles.

Recordings of MEPs with surface electrodes instead
of needle electrodes including muscle and nerve com-
binations during neurophysiological monitoring associ-
ated with surgical interventions to the spine begin to
make sense because of anesthesiological influences and
pediatric purposes. The occurrence of complications af-
ter implantation of subcutaneous needle electrodes for
transcranial stimulation or recording from muscles in
the form of ecchymoses, bruises or rare infections was
reported [9].

Especially in children, in 16% of patients, in whom
MEP recordings using needle electrodes were made, red-
dening of the skin was observed, with the accompany-
ing symptom of increased pain, sometimes lasting up to
6 months after the surgery [10].

Darcey et al. [9] demonstrated a significant percent-
age of the nerve damage during direct contact with
a needle electrode inserted into the muscle for purpose
of neurophysiological neuromonitoring.

Tamkus and Rice [11] demonstrated the occurrence
of complications in the form of burns from puncture nee-
dle electrodes used for recording during neuromonitor-
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ing, when intraoperative magnetic resonance procedures
were used in parallel. The same authors also indicated
a significant risk of needle stick injuries in neurophysi-
ologists and other workers in the operating room during
electrode implantation and removal after surgery.

The quality of MEP recordings during intraoperative
neuromonitoring from muscles can be significantly in-
fluenced by the depths of anesthesia or muscle relaxant
administration, but not those recorded from nerves [12].

It refers to both the phenomena of the decrease
of neuronal transmission along ascending and descend-
ing tracts at spinal and supraspinal levels as well as
the transmission of acetylcholine released at the level
of the neuromuscular junction. The influence of the lat-
ter can be omitted by recording MEPs directly from
nerves additionally to the recording from muscles during
surgical procedures.

There is a common agreement on the practical sig-
nificance of MEPs recorded following transcranial elec-
trical stimulation during surgical procedures, especially
when the MEP recording station is located far beyond
the exposed spine.

The aim of the study is to review the practical useful-
ness of MEPs in clinical diagnostics and present the pos-
sibilities for modifications increasing non-invasiveness,
safety and diagnostic precision.

Material and methods
Participants

Our preliminary results on the possibilities to modify
or improve the MEPs recorded pre- and intraoperatively
are based on observations performed in 280 sessions in
patients undergoing the surgical correction of idiopath-
ic scoliosis (267 girls aged 8-18 years and 13 boys aged
13-17 years) (Table I).

The experiences of using “real-time monitoring” in
35 cases of patients allowed for evaluation of the utility
of this method with respect to the total duration of sur-
gical procedures.

Neuromonitoring procedures

Preoperative neurophysiological studies included
recordings of MEPs following transcranial magnetic
stimulation while recordings were performed bilater-
ally from peroneal nerves and anterior tibial muscles
(Fig. 1A, B, D, E).

Motor evoked potentials were recorded using the
8-channel KeyPoint Diagnostic System (Medtronic A/S,
Skovlunde, Denmark). Standard disposable Ag/AgCl sur-
face electrodes with an active surface of 5 mm? were used.

The active electrode was placed on the muscle belly
and the reference electrode on its distal tendon according
to the guidelines of the International Federation of Clin-
ical Neurophysiology — European Chapter. When record-
ings were obtained from the muscle and while recorded
from nerves, the active electrode was placed more proxi-
mally than the reference electrode (Fig. 1D, E).

The ground electrode was located on the leg, near
the knee. The recorder’s low-pass filter was set to 20 Hz,
the high-pass filter to 10 kHz, the time base at 10 ms/D,
and the amplification of signals was set between 200
and 5,000 pV. A bandwidth of 10 Hz to 1,000 Hz and
digitalization at 2,000 samples per second and channel
were used during recordings.

The resistance between the surface of the electrode
and the skin was decreased with electroconductive gel.
The examination was performed in an air-conditioned
room with a controlled temperature of 22°C, in a supine
position. The MEPs induced with a magnetic field were
induced transcranially with a single, biphasic, 5 ms pulse
to evaluate the efferent transmission of neural impulses
from the spinal motor centers to nerves above their ana-
tomical passage and the respective effectors innervated
by them.

Motor evoked potentials were induced using a C-100
circular coil, with 110 mm diameter, connected to
a MagPro X-100 pulse generator (Medtronic, Denmark).
The maximum limit of the magnetic field stimuli was
2.4 T on the skin surface. The stream of the magnetic
field elicited with the coil at the strength 70-80%

Table I. Demographic and anthropometric characteristics as well as scoliosis type and curvature magnitude based

on X-rays of the patients treated surgically

Variable Age [years] Height [cm]  Weight [kg] BMI Lenke’s scoliosis type* Cobb’s angle*
Patients A=112 Primary
B =108 42-85
267 FE13 M 8-18 138-179 42-78 18.5-29.3 (C=60 56.1+6.8
N =280 14.7 2.3 154.2 £2.9 53.7 7.6 23.4+3.2 Secondary
32-42
37.3+2.6

*Ovadia D. Classification of adolescent idiopathic scoliosis (AlS). J Child Orthop 2013; 7: 25-28, DOI: 10.1007/511832-012-0459-2.

F - female, M — male, N — number.

Reumatologia 2023; 61/1
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Fig. 1. Photographs presenting principles of MEP methodology recorded pre- (A, B, D) and intraoperatively
(C, E=G). Preoperative evaluation of the patient’s neurological health status includes MEP bilateral record-
ings with the bipolar surface electrodes (D) from proximal and distal muscles as well as the peroneal nerve
branches along their anatomical passage at the knee area following the transcranial magnetic stimulation
of the motor cortex (A). “Hot spots” for the intraoperative bipolar electrical stimulation (C) are marked on
the head (B) exactly in the same places for evoking preoperatively the maximal MEP amplitudes. Intraoper-
atively MEPs are recorded with pairs of surface or needle electrodes (secured with sterile tape) from nerves
or muscles of lower extremities (E). The neuromonitoring device in the operating theatre (F, left side) is far
from the operative area (G, exposed dorsal aspect of the spine from cervical to lumbosacral levels in one

of the patients undergoing scoliosis correction).

of resting motor threshold (RMT; 0.84-0.96 T) excited
all neural structures up to 3-5 cm deep.

The final averaged recording was obtained from at
least 3 stimulations performed using a single magnetic
pulse with a strength of 60-75% of the maximal stim-
ulus output. The parameters of amplitudes and laten-
cies of MEPs recorded from nerves and muscles were
output measures. The amplitude was measured from
peak to peak of the signal, the latency from the stim-
ulus application marked by the artefact in the record-
ing to the onset of the positive inflection of potential,
the duration from the onset of the potential to its end
with reference to the isoelectric line [13].

Reumatologia 2023; 61/1

The patients did not report the stimulation as pain-
less, but they felt the small spread of current to the low-
er extremities; they were always awake and cooperative.

Intraoperative recordings were performed with
the ISIS system (Inomed Medizintechnik, Emmending-
er, Germany) (Fig. 1 C). Motor evoked potentials were
induced as a result of transcranial electrical stimulation
or magnetic field stimulation in areas of the cortical
motor fields for innervation of the thumb and selected
muscles of the lower extremity (Fig. 1 B) by a sequence
of 4 to 6 pulses (duration of a single pulse 500 us) with
a maximum intensity of 200 mA via bipolar screw elec-
trodes or less frequently needles (Fig. 1 C) [14].
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The recorded potentials were characterized by a vari-
able amplitude from 500 to 5,000 pV and latencies in
the range from 17 to 40 ms depending on the conduction
distance. Potentials did not require averaging. The fol-
lowing standard settings were entered for the MEP mea-
surements: filters hardware high-pass [Hz] 30; software
high-pass [Hz] 0.5; software low-pass [Hz] 2,000; stimu-
lation frequency [Hz] 0.5-2.4 ms intervals.

Transcranially induced MEPs evoked extensive de-
polarization of the motor and sensory centers of the ce-
rebral cortex. Stimulation with a magnetic field at 1.5 T
or the electrical stimuli at 200 mA, due to the strength
and influence of both magnetic and electric fields,
should not be performed in patients with pacemak-
ers and other electronic implants, episodes of epilepsy
during treatment, significant disturbances in the vas-
cular system, or symptoms of increased intracranial
pressure. Neuromonitoring procedures in infants and
pregnant women are not recommended.

Before starting the surgery, after implanting
the stimulating (Fig. 1 C) and recording (Fig. 1 D, E) elec-
trodes in the supine position of the patient, the elec-
trodes’ impedances should be checked, the correct val-
ues for needle electrodes should be in the range from
0.1t0 5.0 kQ, indicating correct connections with the re-
corder amplifier.

The impedance of the stimulating electrodes dis-
tributed with the 10-20 system, inserted under the skin
over the skull, should be around 0.8 kQ, and the surface
disposable bipolar recording electrodes from muscle

groups or nerves along their anatomical passage should
be in the range from 10 to 40 kQ.

After the patient was transferred to the operating
table in the prone position (in the case of posterior ac-
cess to the spine) or in the position on the side (in
the case of the anterior approach), the MEPs with ref-
erence amplitude and latency values were recorded as
0's (reference values) for comparison with those which
were recorded in the subsequent stages of the surgery

(Fig. 1G).
Amplitudes (in uV) and latencies (in ms) of MEPs
were the outcome measurements undergoing

the analysis. All results of MEPs obtained in 280 pa-
tients intraoperatively were also obligatorily com-
pared to those preoperatively recorded following
the magnetic stimulation, aiming to verify the neuro-
physiological status of the neural efferent impulses’
transmission.

Statistical analysis

Statistical data were calculated with Statistica 13.3
software (StatSoft, Krakéw, Poland). Descriptive statis-
tics included minimal and maximal values (range), mean
and standard deviations (SD) for measurable values.

The Shapiro-Wilk test was conducted to assess
the normality of distributions, as well as Leven’s test to
measure the homogeneity of variances in some cases.
The comparison of results from neurophysiological stud-
ies was performed with a dependent Student’s t-test
(paired difference t-test). Values at p < 0.05 were con-
sidered to be statistically significant.

Table 1l. Comparison of the results from MEP recordings performed pre- and intraoperatively in patients with
scoliosis. Cumulative data from the left and right sides are presented (mean values and standard deviations are
presented). Bold letters indicate significant differences at p <0.05

Measured parameter Peroneal nerve

Tibialis anterior muscle p-value (difference)

preoperatively vs. intraoperatively after
correction

recorded recorded
Amplitude Latency Amplitude Latency Amplitude Latency
[uv] [ms] [uv] [ms] [uv] [ms]
Patients’ preoperative MEPs 2742532 25.7+33 1280.14#83.5 289431 0.01 0.03
Patients’ MEPs intraoperatively before  285.3 +48.2 26.0 +3.6 13243 +100.7 29.2+2.7 0.009 0.03
correction
Patients’ MEPs intraoperatively after 820.2 £45.7 24.1+3.8 17829 +88.2  28.1+2.8 0.01 0.03
correction
p-value (difference) MEPs 0.06 0.06 0.06 0.07 NA NA
preoperatively vs. intraoperatively
before correction
p-value (difference) MEPs 0.04 0.05 0.04 0.06 NA NA

MEP — motor evoked potential recording, NA — non-applicable.

Reumatologia 2023; 61/1
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Bioethical standards

This study was conducted according to the guide-
lines of the Declaration of Helsinki. Approval was also
received from the Bioethical Committee of the Universi-
ty of Medical Sciences in Poznan, Poland (including stud-
ies on healthy people) no. 942/21. Informed consent was
obtained from all the subjects involved in the study. All
data generated or analyzed during this study are includ-
ed in this published article.

Results

Our preliminary observations on 280 scoliosis pa-
tients lead to the conclusion that MEPs recorded from

nerves do not undergo fluctuations at different stages
of scoliosis corrections and the anesthesia effect more
than MEPs recorded from muscles (Fig. 2 B and Table II).

Mean amplitudes of MEPs recorded from peroneal
nerves (274.2 uV) in comparison to those recorded from
tibialis anterior muscles (1,280.1 puV) were about 4 times
smaller. The mean latencies recorded from peroneal
nerves (25.7 ms) were about 3 ms shorter than those re-
corded from tibialis anterior muscles (28.9 ms).

The results of the amplitude and latency parame-
ters’ analysis in the potentials recorded before and af-
ter the correction of scoliosis indicated the usefulness
of non-invasive surface recording, with the principle
of its precision in determining the neural transmission
in the spinal pathways (Fig. 2 A).

muscle and nerve recordings after scoliosis correction
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Fig. 2. Examples of intraoperative MEP recordings from two patients (A and B) undergoing surgical cor-
rection of idiopathic scoliosis. The arrangement of recording sites from muscles and nerves bilaterally pre-
sented in B is common for all examples. Calibration bars for amplifications (in uV) and time bases (in ms)
are the same for each MEP recording. Following the transcranial electrical stimulation of supraspinal motor
centers, similar parameters of latencies can be observed in MEPs recorded both with the needle (a, NE) and
the surface (b, SE) electrodes except the lower amplitudes, but the shape of potentials remains unchanged
(A). Comparison of the amplitudes in MEP recordings with surface electrodes (SE) especially from nerves
before (a) and after (b) intensifying the level of relaxation convinces about the resistance to anesthetic

conditions (B).
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Motor evoked potential amplitudes recorded with
surface electrodes (SE) had values less than half lower
than those recorded with needle electrodes (NE). The av-
erage amplitude recorded from tibialis anterior muscles
with the SE method was 364 uV, while the correspond-
ing amplitude with the NE method was 792 uV (at p =
0.01); no differences in latencies of MEPs recorded with
two methods were detected (at p = 0.06).

The immediate improvement of the efferent neural
transmission in spinal pathways following scoliosis sur-
gery has been expressed in the increase of the MEP am-
plitude parameter recorded for comparison before and
after surgery at p = 0.04 (Table II).

No significant differences of the MEP latency pa-
rameter have been found. We observed that the use
of non-invasive surface electrodes during neuromon-
itoring for MEP recordings shortens the average total
time of pediatric surgical procedures from 5.5 hours to
4.5 hours at p = 0.04.

Discussion

The increase of the MEP recordings’ latency at
2-3 ms during the preparation of the surgical field with
cauterization of muscles, observed in 35 out of 288 ana-
lyzed cases, may indicate the “warming effect” and reac-
tion of the spinal cord structures, which is transient af-
ter cooling with 0.9% NaCl (at the temperature of 36°C).

It should be remembered that during prolonged
neurosurgical procedures, natural, gradual attenua-
tion of the signals may occur, more in children than
adults, and the origin of these changes remains unex-
plained [12]. The gradual decrease of MEP amplitudes
at 10-30% bilaterally may occur during the correction
of pathological lateral spinal curvature and the derota-
tion of the spinal deformity.

The difference of 50% decrease between the refer-
ence value and the amplitudes recorded uni- or bilat-
erally (during pedicle screws’ implantation, corrective
rods’ implantation, correction, distraction and derota-
tion procedures of the spine curvature) is critical, indi-
cating the blockade of the efferent spinal pathways neu-
ral transmission.

The proposed definition of “real-time” neuromoni-
toring comprises the immediate warning from a neuro-
physiologist about the changes in the patient’s neuro-
logical status during scoliosis surgery (especially during
pedicle screws’ implantation, corrective rods’ implanta-
tion, correction, distraction and derotation of the spine
curvature) exactly during the successive steps of correc-
tive procedures (Fig. 3).

This is possible due to the simultaneous observation
of MEP recordings and the camera image of the surgical

field. We observed that this procedure shortened the av-
erage total time of the analyzed 35 surgical scoliosis cor-
rections by about half an hour.

According to the assumptions of Malhotra et
al. [8], neuromonitoring should be used in every sur-
gery in which the surgeon foresees a real iatrogenic
risk of the applied procedures for the nervous struc-
tures in the central and peripheral systems, and in
the optimization of successive stages of surgical pro-
cedures.

The success of neuromonitoring during surgical op-
erations is largely influenced by the understanding and
meaningful cooperation between the team consisting
of the surgeon, the neurophysiologist and the anesthe-
siologist 6, 15].

The use of surface electrodes during neuromonitor-
ing for MEP recordings reduces the total time of surgery,
both in terms of implantation and removal of needle
electrodes instead.

In patients undergoing lateral curvature correction
by about 30-40 degrees, it should be expected that
the MEP recording method with surface electrodes is
sufficiently precise when the amplitudes of record-
ing in the preoperative examination conditions are
in the range of 200-2,000 pV. It is also expected that
the costs of SE neuromonitoring against NE may be re-
duced about eight times.

The method of intraoperative MEP recording from
nerves versus muscles following transcranial electrical
stimulation in patients undergoing scoliosis surgery is
resistant to the anesthetic conditions such as the depth
of anesthesia or relaxants’ administration.

Real-time neuromonitoring shortens the average
time of surgery by about half an hour, and decreases
the number of questions from the neurophysiologist
to the surgeon and vice versa, resulting in an increase
of the surgeon’s attention to the applied procedures to
the spine.

Real-time neuromonitoring also increases the con-
fidence of the surgeon in the patient’s health status
during the surgery, and provides the possibility of exter-
nal expert participation in the monitoring session.

Conclusions

Considering the issue of health care management,
the above presented intraoperative neuromonitoring
methods significantly affect the safety of the performed
spondylo-orthopedic procedures.

Since the use of neuromonitoring not only be-
fore and after the treatment, but, what is very import-
ant, intraoperatively, it has been found that the safety
of the pediatric patient has greatly increased.
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Fig. 3. Examples of “real-time neuromonitoring” bilateral MEP recordings from muscles and nerves of lower
extremities during certain steps of the scoliosis surgery. Preparation of the surgical field with cauterization
of muscles (A), pedicle screws’ implantation (B), corrective rods’ implantation, correction, distraction and
derotation of the spine curvature (C). Calibration bars for amplifications (in uV) and time bases (in ms) are
the same for each MEP recording.

From the point of view of the Hospital Manage-
ment Board, the procedure clearly increases safety
and limits financial claims resulting from possible

complications.
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