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Background and Purpose  We studied the clinical significance of amplitude-reduction 
and disappearance alarm criteria for transcranial electric muscle motor-evoked potentials 
(MEPs) during cervical spinal surgery according to different lesion locations [intramedul-
lary (IM) vs. nonintramedullary (NIM)] by evaluating the long-term postoperative motor 
status.
Methods  In total, 723 patients were retrospectively dichotomized into the IM and NIM 
groups. Each limb was analyzed respectively. One hundred and sixteen limbs from 30 pa-
tients with IM tumors and 2,761 limbs from 693 patients without IM tumors were enrolled. 
Postoperative motor deficits were assessed up to 6 months after surgery.
Results  At the end of surgery, 61 limbs (2.2%) in the NIM group and 14 limbs (12.1%) in 
the IM group showed MEP amplitudes that had decreased to below 50% of baseline, with 13 
of the NIM limbs (21.3%) and 2 of the IM limbs (14.3%) showing MEP disappearance. Thir-
teen NIM limbs (0.5%) and 5 IM limbs (4.3%) showed postoperative motor deficits. The cri-
terion for disappearance showed a lower sensitivity for the immediate motor deficit than did 
the criterion for amplitude decrement in both the IM and NIM groups. However, the disap-
pearance criterion showed the same sensitivity as the 70%-decrement criterion in IM (100%) 
and NIM (83%) surgeries for the motor deficit at 6 months after surgery. Moreover, it has 
the highest specificity for the motor deficits among diverse alarm criteria, from 24 hours to 
6 months after surgery, in both the IM and NIM groups.
Conclusions  The MEP disappearance alarm criterion had a high specificity in predicting 
the long-term prognosis after cervical spinal surgery. However, because it can have a low 
sensitivity in predicting an immediate postoperative deficit, combining different MEP alarm 
criteria according to the aim of specific instances of cervical spinal surgery is likely to be 
useful in practical intraoperative monitoring.
Key Words    cervical spinal surgery, long-term prognosis, motor deficit, alarm criteria, 

motor-evoked potential, intraoperative monitoring.

Intraoperative Motor-Evoked Potential Disappearance  
versus Amplitude-Decrement Alarm Criteria During  
Cervical Spinal Surgery: A Long-Term Prognosis

INTRODUCTION

Transcranial electric stimulation of muscle motor-evoked potentials (MEPs) is an estab-
lished method for effectively detecting perioperative damage to the corticospinal tract dur-
ing spinal surgery.1 Numerous alarm criteria have been suggested for monitoring intraop-
erative MEP changes with the aim of preventing postoperative motor deficits, including 
increases in the stimulation threshold,2 changes in MEP waveform morphology,3 MEP am-
plitude decrements of 50%,4,5 70%,6,7 and 80%8 compared to baseline, and the disappearance 
of MEPs.9-11 Among those, the MEP disappearance has been the primary alarm criterion 
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for spinal cord monitoring due to the varying nature of MEP 
amplitudes,12 and this criterion can be effective at preventing 
postoperative motor deficits.9,13 Despite these advantages, one 
major concern regarding the disappearance criterion is that it 
may not be sensitive enough to detect partial spinal cord in-
juries that lead to postoperative motor deficits, since partial 
spinal cord injuries often show MEP decrement but not MEP 
disappearance.14,15 However, the exact clinical significance in 
terms of the long-term prognosis, reversibility, and/or de-
gree of impairment of these partial spinal cord injuries when 
MEPs do not disappear is still obscure. In particular, there is 
no consensus on the optimal alarm criteria of MEPs for the 
long-term outcome, which is important for the quality of life. 

The aim of this study was to identify the clinical signifi-
cance of both amplitude-reduction and disappearance crite-
ria according to different postoperative disease stages (up 
to 6 months), and to compare the efficacy of the criteria at 
different lesion locations [intramedullary (IM) vs. nonin-
tramedullary (NIM)] during cervical spinal surgery.
 

METHODS

Patients
The present study was approved by the Institutional Review 
Board (IRB) of Seoul National University Hospital (IRB No. 
1408-128-607). We screened 3,148 limbs from 787 patients be-
tween January 2008 and December 2013. Surgery was per-
formed by three experienced neurosurgeons. The following 
inclusion criteria for patients were applied: having undergone 
cervical spinal surgery with intraoperative MEP monitoring, 
and received total intravenous anesthesia with propofol and 
remifentanil. The exclusion criteria were as follows: patients 
who received inhaled anesthesia during surgery (8 limbs from 
2 patients), MEP loss related to position changes (8 limbs from 
2 patients), or not being able to monitor MEPs from any mus-
cle (27 upper and 228 lower extremities). We analyzed each 
limb of the enrolled patients independently. The final analyti-
cal samples comprised 116 limbs from 30 patients with IM 
tumors (IM group) and 2,761 limbs from 693 patients with 
NIM tumors (NIM group). 

Selecting the recording muscles
We selected muscles for MEP recording according to the lo-
cation of the lesion in each operation. Compound muscle ac-
tion potentials were recorded from the selected limb muscles 
using needle electrodes. The abductor pollicis brevis, biceps 
brachii, and deltoid muscles were commonly selected for the 
upper extremities, while the abductor hallucis muscle fol-
lowed by the tibialis anterior muscle were commonly select-
ed for the lower extremities. We monitored a mean of 9 chan-

nels in each patient: 6.3 muscles in the upper extremities and 
2.7 muscles in the lower extremities. A neurosurgeon mea-
sured the outcome. 

Motor-evoked potentials
Transcranial electric stimulation was delivered via needle 
electrodes. Using the international 10–20 electroencephalo-
gram system, the C3 anode and C4 cathode pairs were used 
to stimulate the left hemisphere, and the reverse arrangement 
was used to stimulate the right hemisphere. Trains of five 
square-wave stimuli were delivered, with a duration of 1 ms, 
interstimulus interval of 2 ms, and intensity of 250–500 V, 
and with filtering at 10–1000 Hz on a time base of 100 ms. 
MEPs was checked every 10 minutes, and also before and af-
ter important procedures such as screw insertion, disc remov-
al, corpectomy, and laminectomy. 

Anesthesia 
A neuromuscular blocker was administered just prior to in-
tubation to avoid confounding effects on MEP monitoring 
(0.5–0.9 mg/kg rocuronium). Intravenous anesthesia with 
propofol (3–4 μg/mL), remifentanil (1.5–4.0 ng/mL), and ve-
curonium (0–0.3 μg/kg/min) was maintained. The anesthe-
siologist maintained end-tidal CO2 within the normal range 
throughout the surgical procedures. 

Alarm criteria
Because our cohort was based on the disappearance alarm 
criterion, decrements in the MEP amplitude can be consid-
ered as indicating a naïve subject who did not receive any in-
tervention during the surgery. We compared the sensitivity 
and specificity of three alarm criteria: disappearance, 70% dec-
rement, and 50% decrement. We defined the disappearance 
criterion as the lack of any recognizable MEP during an ap-
propriate response period. The 70%- and 50%-decrement 
criteria were defined as decreases in the MEP amplitude of 
at least 70% and 50%, respectively, compared to baseline by 
the end of surgery. The alarm criteria were applied to all re-
corded muscles. Intraoperative MEP data were reviewed by 
two experienced electrophysiologists (D.G.K. and S.M.K.) 
who were blind to the clinical information of the patients. The 
percentage of the final MEP amplitude compared to base-
line (MEP%) was calculated for the receiver operating char-
acteristic (ROC) curve analysis. We used automated ampli-
tude measurements based on peak-to-peak amplitudes.

Definition and classification of postoperative 
motor deficits
The motor function of each limb was assessed just prior to 
surgery and then at 24 hours, 1 week (or at discharge), 3 
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months, and 6 months after surgery. The Medical Research 
Council (MRC) sum score, which reflects generalized mus-
cle strength, was used to quantify the severity of motor def-
icits.16 The MRC sum score consists of shoulder abduction, 
elbow flexion and wrist extension for the upper extremity, 
hip flexion, knee extension and ankle dorsiflexion for the 
lower extremity. A decrease of more than 1 point in the MRC 
sum score compared to the preoperative score was defined 
as a postoperative motor deficit. 

Statistical analysis
We compared the basic characteristics of patients in the IM 
and NIM groups using Student’s t-test and chi-square tests. 
We analyzed the sensitivity and specificity of the three dif-
ferent alarm criteria according to the duration of the postoper-
ative motor deficits. We calculated ROC curves to determine 
the cutoff amplitudes for weakness immediately postopera-
tively and at 6 months after surgery. Statistical significance 

was considered to be present for p values of <0.05. Data 
analysis was performed with SPSS (version 21 for Windows, 
IBM, Armonk, NY, USA).
 

RESULTS

The patients in the IM and NIM groups were aged 48.1±15.4 
and 55.6±13.4 years, respectively (mean±SD, p<0.05). There 
were 13 male IM patients and 511 male NIM patients (p< 
0.05). The operation duration was longer for patients with 
IM than those without IM (235.7±82.8 minutes vs. 141.7± 
76.8 minutes, p<0.05). Nearly half of the patients with IM 
had an ependymoma. More than half of the patients in the 
NIM group had spinal stenosis (Table 1). 

Sixty-one limbs (2.2%) in the NIM group and 15 limbs 
(12.9%) in the IM group showed a decrease in MEP ampli-
tude of at least 50% compared to baseline at the end of the 
surgery. Among them, 23 limbs (0.8%) in the NIM group and 
6 limbs (5.2%) in the IM group showed MEP disappearance 
during the surgery, of which 11 limbs (47.8%) and 2 limbs 
(33.3%), respectively, also showed disappearance by the end 
of surgery (Table 2). 

Thirteen limbs (0.5%) in the NIM group and 5 limbs (4.3%) 
in the IM group showed postoperative motor deficits. One 
limb of an IM patient and 6 limbs of 13 NIM patients (46.2%) 
showed motor deficits over 6 months. Two limbs (patient 
nos. 6 and 12) showed C5 palsy after surgery. Limbs with 
prolonged motor deficits over 6 months showed disappear-
ance of MEPs at the end of surgery, except for one case of C5 
palsy. Patient no. 6 showed a 53% decrement in MEP ampli-
tude at the end of surgery but showed prolonged C5 palsy 
over 6 months (Table 3). Three typical cases of MEP disap-
pearance, MEP decrement, and palsy (at C5) are demonstrat-
ed in Fig. 1.

The area under the curve (AUC) for the MEPs in the IM 
patients was 0.987 (ranging from 0.968 to 1.00), with a 

Table 1. Diagnoses of enrolled patients

Diagnosis n %
IM tumor

Ependymoma 14 46.7

Cavernous angioma 7 23.3

Hemangioblastoma 5 16.7

Astrocytoma 4 13.3

Total 30 100

NIM tumor

Spinal stenosis (spondylosis, OPLL) 340 53.6

HIVD 172 22.6

Extramedullary tumor 63 8.3

Others 118 15.5

Total 693 100

Others include vertebral-body tumor, traumatic fracture, atlantoaxial 
dislocation, and os odontoideum.
HIVD: herniated intervertebral disc, IM: intramedullary, NIM: nonintra-
medullary, OPLL: ossification of posterior longitudinal ligament.

Table 2. Intraoperative changes in motor-evoked potential (MEP) amplitudes in the IM and NIM groups

MEP decrement at the end of the 
surgery compared with baseline

NIM group IM group

No. of limbs
No. of limbs with MEP 

disappearance
No. of limbs

No. of limbs with MEP 
disappearance 

<50% 2,700 4 101 2

50–59% 11 2 2 0

60–69% 6 1 1 0

70–79% 11 2 0 0

80–89% 8 1 7 2

90–99% 14 2 3 0

100% (disappearance) 11 11 2 2

Total 2,761 23 116 6

IM: intramedullary, NIM: nonintramedullary.
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MEP% value of 17.5% differentiating immediate motor defi-
cits with 97.3% sensitivity and 100% specificity (p<0.05). 
The AUC for MEPs in the IM group was 0.996 (ranging 
from 0.983 to 1.00), with a MEP% value of 3.5% differentiat-
ing motor deficits at 6 months with 99.1% sensitivity and 
100% specificity (p<0.05) (Fig. 2). The AUC for MEPs in the 
NIM group was 0.851 (ranging from 0.664 to 1.00), with a 
MEP% value of 29% differentiating immediate motor defi-
cits with 98.8% sensitivity and 74.6% specificity (p<0.05). The 
AUC for MEPs in the NIM group was 0.840 (ranging from 
0.556 to 1.00), with a MEP% value of 1% differentiating mo-
tor deficits at 6 months with 99.7% sensitivity and 83.3% speci-
ficity (p<0.05) (Fig. 3). 

The disappearance alarm criterion showed the lowest sen-
sitivity for the immediate motor deficits in both the IM and 
NIM groups. However, for the 6-month motor deficits, the 
disappearance alarm criterion showed the same sensitivity as 
the 70%- and 50%-decrement alarm criteria in the IM group. 
The disappearance alarm criterion showed the same sensi-

tivity as the 70%-decrement alarm criterion for the 6-month 
motor deficits in the NIM group. In addition, the specificity 
values for the immediate and 6-month motor deficits were 
highest for the disappearance alarm criterion in both the IM 
and NIM groups (Fig. 4). 
 

DISCUSSION

This study has produced three main results: 
1. Intraoperative MEP monitoring was not able to detect 

a significant proportion (up to 60%) of immediate postoper-
ative motor deficits after cervical spinal surgery when the dis-
appearance criterion was applied.

2. Most of these immediate postoperative motor deficits that 
did not show complete intraoperative MEP disappearance 
(partial spinal cord injury) had recovered after 3–6 months. 

3. The MEP disappearance criterion may be the optimal 
alarm criterion for long-term cervical spinal surgery prog-
noses, because its specificity is higher than and its sensitivity 

Case 1

Baseline

MEP waveform Lowest MRC grade 

Final

APB, AH disappearance

DD 82% decrement

BB 51% decrement

APB 78% decrement

BB 53% decrement

Pre-op

GV

GV

GV

GV

24 hrs

GIII

GIII

GIV

GIII

6 mos

GIV

GIV

GIV

GV
Case 2

Case 3

Fig. 1. Case 1 showed the disappearance of the muscle motor-evoked potential (MEP) for the left abductor pollicis brevis (APB) and abductor hal-
lucis. The patient showed postoperative motor deficits at the 24-hour and 6-month follow-up examinations. Case 2 showed MEP decrement on 
the left deltoid (18% remaining), biceps brachii (BB) (49% remaining), and APB (22% remaining). That patient showed a postoperative motor defi-
cit after 24 hours but full recovery at the 6-month follow-up examination. Case 3 showed MEP decrement on the right BB (46% remaining). The 
patient showed postoperative motor deficits at the 24-hour and 6-month follow-up examinations. AH: abductor hallucis, DD: deltoid, MRC: Medi-
cal Research Council.
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is equal to that of the amplitude-decrement criteria. 

Despite the numerous study results discussed in the Intro-
duction, there is still debate on the optimal alarm criterion 
for intraoperative MEP changes during cervical spinal sur-
gery. We postulate that the one of the main reasons for this 
debate stems from the different timing of the postoperative 
neurological evaluations of motor deficits. As found in our 
study, partial MEP amplitude decrements can lead to im-
mediate postoperative motor deficits, but these issues resolve 

at 3 to 6 months after surgery. Previous studies employing 
different alarm criteria have evaluated postoperative motor 
deficits after different durations, including immediately after 
surgery,4,6,8 24 hours after surgery,11 or at discharge,9 or the ex-
act date of evaluation was not reported or was unclear.2,3,5,7,10 

In addition, determining a single optimal alarm criterion 
for intraoperative MEP for all types of cervical spinal surger-
ies may be practically difficult for the following reasons. First, 
the goals of individual spinal surgeries may vary; for exam-

Fig. 2. Receiver operating characteristic curves of the intramedullary patients according to motor deficits at 24 hours (A) and 6 months (B). AUC: 
area under curve, MEP%: percentage of the final motor-evoked potential.
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Fig. 3. ROC curves of the nonintramedullary (NIM) patients according to motor deficits at 24 hours (A) and 6 months (B). AUC: area under curve, 
MEP%: percentage of the final motor-evoked potential, ROC: receiver operating characteristic.
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ple, the prognoses of patients with neoplastic spinal cord 
compression or IM ependymoma may be greatly improved 
by complete resection of the lesions.17,18 Moreover, some pa-
tients with severe disabling spinal kyphoscoliosis, which af-
fects daily living activities and causes severe pain, can bene-
fit from more active surgical intervention. These patients 
may agree to tolerate minor and transient weakness. There-
fore, the disappearance criterion would be the optimal intra-
operative alarm criterion for the long-term prognosis. How-
ever, for patients who have benign spinal lesions and are 
able to perform the normal activities of daily living, a more-
conservative criterion such as amplitude reduction may be 
more suitable during surgery, despite the high rate of false pos-
itives obtained when applying this criterion. Second, MEPs 
exhibit high intertrial variations.19 Therefore, we suggest us-
ing an alarm criterion that is tailored for the surgical condi-
tions of each individual, rather than trying to identify a single 
optimal MEP alarm criterion for all patients.

While the disappearance criterion had a high sensitivity 

in predicting the long-term prognosis, it was unable to de-
tect one case (patient no. 6) that showed C5 palsy as a long-
term postoperative motor deficit. C5 palsy is a postoperative 
complication that occurs in 4–5% cases after cervical com-
pressive myelopathy.20 Most cases of C5 palsy can be detect-
ed by intraoperative MEP monitoring,21 but there have been 
some reports that it does not develop until hours or even 
days after surgery.22 This delayed type of C5 palsy might not 
be detected by intraoperative MEP monitoring, and is thought 
to be caused by prolonged congestion of the blood flow.23 We 
postulate that a delayed C5 palsy might interfere with the 
disappearance criterion in MEP monitoring and thereby 
influence the prediction of long-term postoperative motor 
deficits in patients. 

Our results did not differ between the IM and NIM groups. 
Kobayashi et al.7 also demonstrated that 2 of 93 patients 
with cervical IM tumors showed 50% decrements in post-
operative motor deficits as measured by MEPs. Their two pa-
tients showed improvement at 1 month after the surgery, with 

Fig. 4. Sensitivity (A, Left) and specificity (A, Right) of three different alarm criteria for cervical IM surgery according to the duration of postopera-
tive motor deficits. The MEP disappearance alarm criterion showed the same sensitivity as other alarm criteria for 6-month postoperative motor 
deficits, and higher specificity than other alarm criteria for anytime postoperative motor deficits. Sensitivity (B, Left) and specificity (B, Right) of 
three different alarm criteria for cervical NIM surgery according to the duration of postoperative motor deficits. The MEP disappearance alarm cri-
terion showed the same sensitivity as the 70%-decrement alarm criterion for 6-month postoperative motor deficits, and higher specificity than 
the other alarm criteria for anytime postoperative motor deficits. IM: intramedullary, MEP: motor-evoked potentials, NIM: nonintramedullary.
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no difficulties performing the activities of daily living. Be-
cause our data were collected from a single tertiary center, 
the IM group was smaller (n=30) than that for the multi-
center study of Kobayashi et al.7 (n=98). However, the re-
sults of our study are similar to those of the spinal IM sur-
gery study performed by Kothbauer et al.24

A few limitations of the present study should be noted. 
First, this study was conducted retrospectively. Second, only 
a few of the included patients had undergone IM surgery. 
Third, we did not use D-wave monitoring to determine the 
optimal alarm criterion for IM spinal surgery, which might be 
more beneficial than MEP monitoring.9 However, the object 
of the present study was to test the alarm criteria of MEPs 
during cervical surgery, and so the absence of D-wave data 
should not have adversely affected the obtained results. 
Moreover, most of the subjects in our study were NIM cases. 
Fourth, we did not analyze all possible MEP alarm criteria, 
such as morphology and threshold changes. Lastly, our cas-
es were gathered from three surgeons. While our center uses 
a manual that describes the criteria that should be applied 
when raising a MEP alarm, the reaction may vary between 
surgeons.

This study evaluated the different accuracies of each con-
ventional MEP alarm criterion according to the diverse dis-
ease stages up to 6 months after surgery, which revealed that 
the disappearance criterion had a relatively good sensitivity 
and the highest specificity for the long-term patient prog-
nosis. However, some partial postoperative motor deficits, 
which are mostly reversible and can be observed for only a 
short period of time, may develop without the full disappear-
ance of the MEPs. Therefore, we suggest combining these 
different MEP alarm criteria according to the specific aim of 
each instance of cervical spinal surgery, rather than trying 
to find a single optimal alarm criterion that can be applied in 
all cases. The case of C5 palsy was the exception, which illus-
trated the issue of long-term motor deficits developing with-
out having been detected by the disappearance criterion, 
most likely due to its delayed onset.
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