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Intraoperative neurophysiological monitoring in spinal cord surgery
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ABSTRACT

The recent breakthrough development of the intraoperative neurophysiological monitoring (IONM) has greatly contributed to minimizing neural
damage and making surgery safe. In particular, IONM can significantly improve the patient’s prognosis in the case of spinal cord surgery
with frequent post-operative neural damage. Somatosensory evoked potential and motor evoked potential are highly recommended for IONM
in the spinal cord surgery, and spinal cord mapping plays an important role in intramedullary tumor surgery. In this review, we will discuss
the modalities, methods, and values of IONM in spinal cord surgery, and consider the future direction of IONM development.
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HE 2=
A3 & F 59] A &2 A3 £49 3o A 1. IONM2| =
o, f2& E7HE 49E e, S5 F Ahe 25 9 Ay & T AEA A BAL 1) 2 5 AeE0
W7 Aeg 2T 5 AeH1L ol & 39 H7I9 A A A7 &S HAaskt 5 S& opdAQl siFakd Hemta
A7 &4 motal Hastelr] flof X oF 30t A17EA £ AT = 9o, 2) & F A3A Bolg A &
8+A 7FA] 7]Ho] A Eo] EAsIA Y, Hd S0 T} QlE o]AAQl AA|GA(resection margin)E Adk= Hof
et GHE ol8oto] A, A 9 RIALZ9] HAIZE 7 ARE A5, 3) Sl Z A EAL AATIo R 711@
A7t 7R SHA EISiT A1 449 I3o] w2 A & $ 91, 4) & F 7] 9 A7|E0 B4 7159 d$E
9] HRoll= &3] olHgt aFA AR A (intraoperative Z7gol= dll itk

neurophysiological monitoring, IONM)2] &&o] j-2- &

[oit}, & FAHoA= H =04 IONMe] 713t 7-84 2. IONM ZAt 3%

of thgt 2 A= Aok, FAF 29| sfjAof tisf 1zt A4 SEoflA 7P 71EAH 07 g ol [ONM FAF

SFLAL Sttt 718 JAZ-e Y (somatosensory evoked potential,
SSEP), 25-84FAQ)(motor evoked potential, MEP), <4

Received Feb 27, 2021; Revised May 6, 2021; Accepted May 26, 2021

*Corresponding author: Sung-Min Kim, Department of Neurology, The Catholic University of Korea, Eunpyeong St. Mary’s Hospital, Seoul 03312, Korea
Tel: +82-2-2072-7312, E-mail: sueh916@gmail.com

Sang Beom Kim, Department of Neurology, Kyung Hee University Hospital at Gangdong, 892 Dongnam-ro, Gangdong-gu Seoul, 05278, Korea

Tel: +82-2-440-6168, Fax: +82-2-440-7242, E-mail: sbkim@khu.ac.kr

© 2021 Korean Society of Intraoperative Neurophysiological monitoring (KSION)

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/
4.0/) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



68

Young Nam Kwon, Sung-Min Kim, Sang Beom Kim

S(electromyography, EMG) % L3 HA|ZHAKbul-
bocavernous reflex, BCR) #A] 50| AtH2,3]. £35] SSEP
€} MEP= Level [ AIARIOE A4 9l HSpaolA 79
5] = QoH4l. Level I AARFE 7]1& AT9] Class
of evidence® &dsto] HiE7t HdolA AAIRE Aoy,
Class I evidencex= 2] v A+ T+ o] SF A+9] A|
AR FA0E AFE oufgith 1 Qox E9] HeY =&
9] % A4 A=SKspinal cord mapping) AA} 050
ZIeH3].

1) MMEUZQEF2|(somatosensory evoked potential,
SSEP)

SSEP= A & 5 7HY Wol ARRE = A =48, T
Z A A= A=l ol BE A E diy TEoA 715
sto] TR 9 e F AA HekE AT S AHH5,61
BAoME F& FF4E(median nerve)olld A7 1A=
Z11, BAF D7 (brachial plexus), 2457]%5(dorsal co-
lumn), #7|thi(fasciculus cuneatus), Ed-7W(medial
lemniscus)E AA §HiS AR 72 A(sensory cortex)Oll
A 71231} SR E F2 HAZAIA (posterior tibial
nerve)olA A= F1, Y YXAAEL7|(lumbosacral
plexus), 25H71%, d®th(fasciculus gracilis), &4
FUE ARste, BHS ok Azt oA A58 71551
ot me2bA SSEP= H4F7152 S Hloll Wi 58
SHA| AREE 4= Stk 1 Qlof|, SSEP= AARE shoix A}
9] ZA o] QlojA] ol AFS FA| FoEE & F A
o8 AP & glom, AAISAAAY JFE FA
Hh=th= %ol Sk g8 AR Qs Aarv|E(alarm
criteriaZ 7120y OH] =& F A2 50% o A, E
= A5719] 10% oV o] AREEAL QIEHTI. ol2fet 7|
2 AREE 1, i F4SW(intramedullary spinal cord
tumor) 5% & AT IONM #leREAo]l A SSEP= YIE
80.8%, E°l|% 71.4%E YEITHS]. E3L SSEP= #5417
7159 &4 wdsks Hloll= MEPET g53 A0E U7
A Q9L wEbA] 9287 AR 1T o, Hpgea]
4] SSEP @07 sl Hitkes e =75 A ARESt
+ o] A=Y, & HA9 S5 A4V E 2 AREFA|
£ Jsto] wsfof gt

N
~

=42l (motor evoked potential, MEP)

MEPE= A=Hol weh F7074747 A5 (transcranial
electrical stimulation, TCE stimulation, TES) 2]7%|¥]
A A=(direct cortical stimulation, DCS)°o] 01,

FEollAs TCE A2 ARSRITE 715ske o] meb 2

< MEP(muscle MEP, mMEP), 41”d MEP(neurogenic
MEP), D-1+g(D-wave) 5°] it} 7Fg BHHOZ AL8H]
+ W2 TCE-mMEP7} AF4zo4] F2 AREH, E3]
HpeEo| A= D-waves o] HAIshH= Aol FHHEH2].
Yok o2 Ao MEP= WAYFEE F=2 FAol] o
2o, AFF7eS = Aok SSEPET & & 2571
5 AolE A&3sH= o] o a9l Aoz d#A UcHIl
2000¢ o9 HLY FYF e IS IR AT H|
EHEAol A TCE-mMEP ¥ D-waveg ©]-8<t MEP 7] 2
3}, Y= 83.8%, S°|% 82.9%F SSEPET S-¥st AvE
HATHSI.

(1) ZEHH7 |25 (transcranial electric muscle motor
evoked potential, TCE-mMEP)

Hppgo|A oA HeE(corticospinal tract)E AISH
= o E HEo|F o FFARMRE AFTHL, = F
Qo whz} Aot skR19] AHgE E5ollA 715 SHA Hr.
FNERFA7IA=2 Cz, C13} C2, E= C39} C40 A=
Ak 3-7719] E4EA AHtrained multiple pulse
stimulation)}& 9, °]&gt A7|A=ES A= 22| (deep
brain structure)?] 25413445 A=3HH10). & F2
Hr} YPFolA At T 7 o9 5914 mMEPE &
Alsfiof o, =& F|HTH ZF9 2k 7f o] 5oflA
mMEPE 7|&35}o] 2702 ARERIT 7|86k 459 4
7HEESE T 9 Bol=E =Y 4 S, AIFRI A&
£ F7g5t= dloll =go] Hri11]. Iukyog AR|9] H-5f
£ oM (deltoid), HEFZHXH(biceps brachii), AA]
FY(thenar) &5 ¥ F2AAEHHabductor pollicis
brevis, APB)°IAl 7155}1L, S}A]9] - 71 H-2X(vastus
lateralis), %873 Xtibialis anterior, TA), YAEHXab-
ductor hallucis, AH)9IA 7]&31H, FEZYXexternal
anal sphincter, FAS)IIAE 7|28 4= Qlt}.

H4Zpgof| A TCE-mMEPY] a7 1 9] ebd 44
(absence of MEP)o] 7} E©]&(specific)?] AHEZ LEA
201 “all or none” WAl& 7F¢ Hol ARt SHA|RE wHy
9] &Fd AAo] opd MEP I F7](amplitude)e] Z47T Q1
£ Aol e & AUt v EAsks B9t JleER
foJsfioF qheH12].

AHS} o] W2 o] mAFSR 54 corti-
cospinal motor fiber)o| 93] ZAEE= L84 7]|=5t
mMEPE Eo]k7} =11, TASF 2o &2 x| mjdFez
5417340l Qs 2AE = 2504 7153 mMEP= |
BE7} =otA 2} A Al o] st} AP B A4
< 7hof gH13]. 181 RS A= AgoHH FHe
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TY FeEs XS 35 9 FEpeoA AR ol
(bowel-bladder disorder)?] ¥HA1S ZHAIE 4= UTH14l.

TCE-mMEPE 2 BIZolR9t HR(seizure)s L
2 3, UF temporalol 771 lateral side® A= 73
5 YRALSF0] 5510 Y gof &40l BT 4= At
ESH A= A dinich oo HE(inter-trial vari-
ability)o] Z[15], A= Al A7} |AY 4= Q171 wizell
SSEP®} -2 RA&AQ1 A= otk ©o] Qlrt. B4t of
Yzt TCE-mMEP+= HHIA] 9 AEESARA] ARE, 2,
2& 5 29 J3FS Wol W] ufFof E|rFo|H
ul¥(total intravenous anesthesia, TIVA)E ©l-85}1, 7]
=g AAof 8olgh ol et EE o niae] 8%
sto] Lol A|] FYPLLEE AAstojof sh, mhEA|Q] £
&7t A ol 71EmH (baseline)2 A7 o] 12
A X ZFo] FAEEE Slofof 5iH, tRFOE AMGE=
459 0 vlwE Fof AF9E AdsfoF Itk = A
<8 Ash7E = A HMRC grade 11T ©J5h2} 24> MRI T2
B2 AeF77F e S 710k 3430 HA &
$ gloug o3t F¢ Train & AU, A= Al
£ =0|AY, Double train 402 MEP A= WHA1& %
shH wtg FAo| == A7 sltHiol

e/}

[o

oxXt N

(2) D-IFH(D-wave)

D-1+ A -2 E TSk W=, I50] of
d H=9] A9Q(epidural) T4 1S 7Sk Tt
olt}. E9] HLWEY &2 D-1HF A7 7K 7-85H
2oz Eofo|tH5]. Apgaois YR oE D-11g9] 7
7122 7120k tiH] 50% olde] FE TAE ARESHL Q)
CHFig. DI11].

TCE-mMEPA = 2E4A8HRE A3 Alert AlgA
(synapse)?} A8 (neuromuscular junction)E
A4 5 7150] =7] o] BgA x=o] 283t ¥, D-
TFol|A ] AFAT = AHAE AUA] Yol 71557 i
o SUHA(single-pulse) AAFFCZ L 7155t} ESE ZRS
A719] A= R E AeE WA 4= 7] wizol St &
S ISR Yot = F AEARI AAI7} 7hsstaL, vt
FAY ABTSAFAA Y] FFo] Ark= AT ATH1T7L &
o], HLWEY s&olA D-TF9 Bz A71HQ1 AA
AHE =T 4= QlojAl, TCE-mMEPS] oldo] Q= Ao
A D-1}3go] ¥islr} QIthd ©7|7ke] AAA AA L2
LS = glovy, A7|H o' £2 A 7|dshE 5= AR
HFig. 2)[18,19].

SHAYE D-1 g2 2 7HA] ARFEE 7 AL itk

5 A5E 50 vlaA g4 S8 4 Qe W, D-Y

Fig. 1. D-wave amplitude reduction more than 50% from
baseline.

o Sarh A4 A4 2H v 7] /1% A3 4
sk he 91lo] Itk Eat M4 Aol 44 LSS 72
sk 5b7] el TI0 4% shilAE A3 XA &
gL, B9 o] glo] FAMe] A15E Wol 1= 5] e
ofl §5 ool WYL wo] oS Wrisk/] ofete 4 Urk
283, H40] AR Sate] e B 4 9
3, T 7220 oL s ofgrhs,20]

3) Xt ZM&=(free-running electromyography, frEMG)

ARFZA T (free-running  electromyography, frEMG)
& F AAFRYE Aok R, HE & B9
o AFR7} AHiehs 5ol JASE AR 7 AP
9] &5(spontaneous activity)2 7]1E9HH21]. Yu|=
frEMG &&oll= SKspike), 41 A4S (burst), Edl

noee e
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TCE-mMEP

Absence of MEP?

Yes No
D-wave
>50% Amplitude No weakness
reduction?
Yes No
Permanent Transient
weakness weakness

Fig. 2. Predicting the patient's postoperative prognosis according to the results of TCE-mMEP and D-wave monitoring. If the D-wave
amplitude was not decreased even if the mMEP was disappeared, the post-operative motor weakness might have a chance of gradual
recovery. MEP: motor evoked potential; TCE-mMEP: transcranial electrical muscle motor evoked potential.

(trains) 52 TFo| Utk ALUEYF FEolA e
% & oA E+24Q] E83Kirregular aperiodic
burst)7} SHEH O R UebAY, 3% ol A&E= 4438
SRR 1A WHA(focal semirhythmic tonic dis-
charge), F= Tt 7l o9 T/oEoflA AR 459
Aotz A 4 A, FF Aol = 87.5%, Sol=
83.3%% 1 1842 HAgh vf QUeH22]. 717 W 2fell
= YA WA (phasic discharge)®= Uerd 4= =], o=
LAIARI A7 HE] Ap=of| Qs Uehd o= = Hls7Iek
A TS 7HZI o3t fEMGE 2 33 & 4]
o] Z+F &717E Adskes TolA H |§-85H ARGE]A]
g, 41738 o] A el Aol &84 5 Utk

4) U2FHHAZ 2t bulbocavernous reflex, BCR)
L3 HAL YA Bulbocavernous reflex, BCR)= S2-S4
0] AAARE AT F e TFo|tHFig. 3). TEkAl

A $EoME HeU8 (conus medullaris), &&(cauda

equina) $HE & o] &8 4= ok A= HF2 F
J9] 7 (penis) = 94/39] S8 (clitoris) ¥ HS<=(labia
majora)°l]l AX|A71L, 4-53] A A=S & F, FERASL
(EAS)ll 7184 Afjlole] 4155 7|83t BCRE o]
WIS RS Hi- wol v7| wizof|, ST &3 A
7h glegte ol AJHiol webA] w1 o] X1E #slrt A
S 4= loh wEbA BCRY a2 &4 2AES 7]+
o= skl Qltk g AtollA & 5 BCR & &4 3L
7120 R SI9E W, F5 E HFeoA & T o7HLA
i 7]5-2 oS0k Hlofl B0l 88.5%% R-&3F A
7} 7155231,

b) XX|=3Kspinal cord mapping)

(1) #2E7|S X|=3Kdorsal column mapping, DCM)
APUSYE eollile Aediliee] tiFE Basi, o

oA HEH715Y T (midline)S BEs] ol

glofl 24571 A =3Kdorsal column mapping, DCM)7}

Fig. 3. Bulbocavernosus reflex monitoring obtained from the external anal sphincter bilaterally. BCR: bulbocavernosus reflex.
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Z8Er}. ARl fLxoM= T8 W (dorsal me-
dian sulcal vein)o] ®9XE $7H447](midline raphe)
u, 2}/$- 41738 A4 nerve root entry zone)2] k-
b2 S0 g 2 4= qlou), Tl e 1RO ¥y, §
Z, AT B 5o= URkAQl siFeE X7t =
= 7% DCMo| 544 &= Hlol & dasit

DCM ®WHoll= 2 7H7F lou, 98] AgE= 71ME
SSEPE 283t ‘YA IA71H(Phase-reversal technique)
ojcH24]. ofz] 7l9] HeFolA Al=o] 7hett 4% A=
(electrod-strip)g 557150l AT F AHA7A=
(direct electrical stimulation)2 11, F3] Z=ofA] o]&
71535to] Yol Uehs F 719 HER Alelg S94
o= = HolthFig. 4). o|ggt DCMZ o8t 44
7N Zoll A RIHsH AT &= Sl= HLF71% ol 5
(dorsal column dysfunction syndrome)d] @S A
Z 4= Slth2sl.

=

(2) Ml 252 X|=3HIntramedullary motor mapping)
FE F 25759 EA oF7t S8V "ol e 5
A= YoflA AagEo 2 sfFeHA ] s ddpEl K& &
O o] A&EQITh HAode BFAA7IAST A
A717=2 Al st W, A7 IAS 797 5715
FolZtd AFNA7IA=T A5 7|A=F0] A= FE01o]

Fig. 4. Dorsal column mapping using phase reversal method.

BENR7 AR TAsk= D-uH o] XIE9| At
He s Wl sdAeEE Ze o] 1=
[26]. 7L & HALYE%S Ojemann I&A=7|(cortical sti-
mulator)Z 2 A=st] EMG %52 YA gk= v]A
FAQ] 2212 A|&dfoto] PR AAFAHS SELE
= QIUcH27]. ZEols Kartush 5418 =222 Hcon-
centric bipolar probe)E °1-83t 54134 24 A=t
N Z5olA Y BAE Bl e 5= A=t ke
SIHH28]. ol &3l AUl & Al B S HS F

Al = A EA

3. =& FS0| mZ IONM
1) d2(cervical) Y g=(thoracic spinal cord)

T 20 o= FFE 25| HASHAY &4 3
28} 5k A 9o, 417 BElE HYESe Ak 585}
231 S eollA] SSEP Bldkes Eolwrt £4] ¢7] W&
o MEP 5 H& =75 #°| ZUHsh= A= dalstal Slok
[29]. 417 5 HUEoh= o2 AP 2AET} 7P
&R ZoE UTA Yol R Aolrs TEEE) Y=
A ZHE DA A He v S GostA AR
TH30]. SSEPE &8 A= 2 A543 ol&she
o, ol= & Co 4174 e Afdote A=E 27| "o,
Coltt AF9] faoli= A4S A7} ofgE 5=
JeEg o] gA= C8 A1 HelE 2 H|ok= &
A ol-8Sh= SSEPE #AAISh: WHol AMGE7| = jith
[31]. ¥t ofe}, E9] AeUiEd Saeolie dr 2
7HA= D-3g AA7E 7ksst] dizol 4714 s §7
sk, A4 7] BUHs] fls D-1F AAIZE B
ALt

-

He

-

i o
[

2) @AM=(lumbosacral) L ZE(cauda equine)
[AFHONA HET} Y =&0] Q3 H9, 47 Fe H
919] BAo]| Fofsfof gttt ol#gt A%, 7P} R-81t =
SSEP} APt koot AP A= YR ) =37, SSEP
£ 5olw7t =7] "ol F AAks e Eeol, MEPE
Z3oto] RUESH=: A4 B E@o] "ok AL 2HE=
417 &/l izt Bol=rt 27] wjZof, Apd ZAE ool
UeRd 7% SSEP 9 MEPE F2|3A #Eel, &3 %13
SHEE flof g}t A4 AF S5 (tethered cord synd-
rome) &A1& H4x(sacral cord)7} 7P #oFe 4= Q7]
ozoll, v, B 7150l YIS WS 5 U HF V15
s o R FAIeH7] A= BCR HAl € Qg okt
MEP ZA|, S5 A% (pudendal nerve) SSEP7} 2] Hch
[32]. I Qol, 8HFH AT Ardhe= 8 A% (ri-
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ggered EMG)Z 7Fssto] =& 5 417 F-&0] o] Hrt
4. XM £20A IONMe| /84
T e, 55] 4 Y oA IONMY] 7H4]= oy
oA STEE] Stk thst A H<4= FK(intradural
spinal tumor) $~&°l4 SSEP ¥ MEPE o]-83F [ONM2 [l
U= 92%95%, EOl 97%99%= A0 R 24 § 417
A FESE DA = AATH33,34]. AIHEF] TF
(intradural extramedullary tumor) ZA|&oAZ IONMS
WE 75%-82%, Eol= 95%—100%& VA &= A5
S 4= IQITH35,36]. AaUiEgollrts T HlEREAolA 1l
A 84%, E°1% 60%E /ﬂ%‘tj\o}a A5 4= ASl=T, &
0157} EA| %ot YFE S55] aLEstoiof ghk= ARk
HATHS]. 1 9oz H5WiEYF $==ollA SSEP, MEP,
D- J_L]-(g A9} DCME Ea}oq 7:1_4;_ ofgst 2= 91T,
IONME A|g¥5tH =& & o5 A3 Bl 9l
AUTH37]. E5] Ttz IONM S AR8sh= Z(multimodal
IONM)o] B& &2 oR £9] dFg SHAFL, ol
A 4 HF £E04 Level 1 AR 7P A4 @A=L

AUCH4,33].

Z
S|

7=17]._o] oF&

a8

>L

IONMZ =& 5 4734 &4 27|0f dHsto] &
FgE FIAZIAL, 2 stofg ARl #%%6 T
UEE =91, SRR stola o T PSS 40} ok
glof] 1 F&o] it} X“AAOHHE IONMZ 19} 1
Aol Rilolo], =& F Al 84R s
ek, FF H5 & ]AH IONML 1 X@E%i—f
TY EolA FES SFEAL BHSHA o] FolX]
TE]ojof op, Z7to] & HE & F AL TE
St 7fdEskE [ONM TH=o] H&& g = @7} 9Jct vhd=
o 7lgi Thgst Hofo] =5 &850 IONMo]l HEAIA
MZE 8|9} 7 7idehks 2 E3F IONME B1% A
45 M% Ao= gzt

N

u
rlo

R R o

ol

m,gﬁ
o A

E _l
=
> of rf

ol
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