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Abstract

BACKGROUND CONTEXT: Transcranial motor evoked potential (MEP) monitoring has been
widely adopted in spine surgery, but so far the useful monitoring data for patients with preoperative
spinal deficits (PPSDs) are limited. Originally we thought that they seemed technically more difficult and less reliable in performing the MEP monitoring to PPSDs.
PURPOSE: Our objective was to study (1) the feasibility of MEP monitoring in PPSDs and the
(2) the significance of rapid MEP loss.
STUDY DESIGN/SETTING: A retrospective case notes study from a prospective patient register
was used as the study design.
PATIENT SAMPLE: A total of 332 PPSDs who underwent posterior spine surgery with a reliable MEP monitoring were collected between September 2010 and December 2014.
OUTCOME MEASURES: Relevant MEP loss was identified as rapid amplitude reduction (more
than 80% MEP) associated with high-risk surgical maneuvers or high-risk diagnoses.
METHOD: The muscles with higher strength were used to record the optimal MEP signal. MEP
monitoring of these patients was considered to be feasible if reproducible signals had been obtained; moreover, sensitivity, specificity, positive predictive value (PPV), and negative predictive value
were computed. The significance of the patients with rapid MEP loss was analyzed.
RESULTS: From a total of 332 PPSDs, 27 cases showed significant MEP loss (23 true positive, 4
false positive), and 21 showed new spinal deficits. Invalid MEP baselines were found in 11 paralysis and 6 severely incomplete paraplegia patients, and success rate of reliable MEP was 95.1% in
PPSDs. The congenital kyphoscoliosis, tuberculous kyphoscoliosis, and thoracic spinal stenosis are
considered high-risk diagnoses to result in MEP loss. The sensitivity of intraoperative MEP monitoring was 100%, the specificity 98.7%, the positive predictive value 85.2%, and the negative predictive
value 100%.
CONCLUSIONS: Intraoperative MEP monitoring is feasible for most of the PPSDs. The rapid MEP
loss during high-risk diagnoses and complicated surgical procedures may indicate new spinal
deficits. © 2015 Elsevier Inc. All rights reserved.
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Introduction
Neurologic injuries are the most feared complications of
spine surgery for the treatment of spinal deformity and spinal
degeneration. Patients with preoperative spinal deficits (PPSDs;
including spinal deformity, spinal degeneration, spinal tumor,
etc.) usually have a higher risk of iatrogenic spinal cord injury
than patients with normal neurologic function [1–3]. Especially in PPSDs with spinal deformity, which account for a
very small portion of patients, such abnormality will significantly increase the risk of neurologic complications during
surgery [4,5].
Non-invasive intraoperative motor evoked potential (MEP)
monitoring has become an essential component for decreasing the incidence of spinal cord injury [6–8], so most surgeons
take it as a necessary security measure. But so far the useful
monitoring data for high-risk PPSDs are limited, and the many
views of neuromonitoring remains controversial. To help the
surgical team know the intraoperative spinal cord function
in PPSDs better, we aim at to study patients with different
levels of preoperative spinal function deficits which include
spinal deformity, spinal degeneration, spinal tumor, etc. Then
we further investigate (1) if MEP monitoring is feasible and
examine (2) the clinical features of true-positive cases as well
as the characteristics of intraoperative MEP loss in PPSDs.
Patients and methods
Patients
The intraoperative monitoring data of all 332 consecutive PPSDs who underwent posterior spine surgery at our spine
center from September 2010 to December 2014 were analyzed. In addition, we collected the clinical features of those
patients who presented significant monitoring loss and evaluated their postoperative neurologic function change after 3
months’ strict follow-up. The MEPs were recorded at each
important surgical point by a veteran monitoring team, and
excellent communication was performed during surgery among
the electro-physiologist, surgeon, and anesthetist.

Context
The authors present results of a retrospective review of
prospectively collected data regarding the utility of motor
evoked potentials (MEP) for surgical neuromonitoring in
the setting of preoperative deficits.
Contribution
This study included 332 patients. The authors set their MEP
warning criteria as rapid and greater than 80% MEP amplitude reduction. They conclude that using these criteria,
the sensitivity of intraoperative MEP monitoring was 100%,
the specificity 98.7%, the positive predictive value 85.2%,
and the negative predictive value 100%.
Implications
Studies investigating diagnostic utility should employ the
test in a broad range of populations at varying risk of the
outcome of interest. The test must also be compared to a
gold standard, even in those who do not demonstrate
positive findings on the screening modality. Given the retrospective design of this study, many of these issues cannot
be addressed, nor can the potential for selection and indication bias. While this effort demonstrates clinical
feasibility for MEP to be informative, even in the event
of preoperative neurologic deficits, the findings should not
be used to inform clinical care. Given the design and methodological limitations of this work, this study presents Level
IV evidence.

However, the MEP baselines of a patient with lower extremity motor weakness of 0–1/5 strength for specific muscle groups
often cannot be recorded reliably even if the maximum MEP
stimulation strength are used; for instance, there is no MEP
in our paralysis (11) and incomplete paraplegia (6) patients.

MEP
Motor evoked potentials were elicited using subcutaneous needle electrodes by stimulation of constant voltage
(from 250 V to 500 V) and multiple trains of 6–7 pulses,
with duration of 200–400 µs for each pulse (Axon Systems
Inc, Hauppauge, NY). The inter-stimulus interval was 2.5–
4.0 ms for each stimulation trains. The filter bandpass was
30–1,000 Hz and the time base was 100-ms window. The stimulation strength for PPSDs would be much stronger than that
of a normal neurologic patient. The two pairs of stimulation
electrodes were inserted subcutaneously into the motor cortex
regions C3–C4. Recording muscles: To obtain optimal MEP
waveform in the limbs of PPSDs, we recorded it at the muscles
with higher strength (quadriceps, tibialis anterior, flexor hallucis
longus, gastrocnemius, biceps femoris, abductor hallucis, etc.).

Anesthesia methods
General anesthesia was induced with a bolus dose of
propofol (3 mg/kg) and fentanyl (2.5 ug/kg) combined with
a short-acting muscle relaxant and inhalation agents
(sevoflurane or nitrous oxide). No muscle relaxants or inhalation agents were given after induction and intubation.
Subsequently, maintenance of anesthesia was propofol (5–
8 mg/kg/h) based on hemodynamic response; remifentanyl
(0.1 ug/kg/min) and a total dose of 5–6 ug/kg fentanyl (intermittent infusion) were used during the whole operation.
Here we had to point out that the MEP deterioration involved in this study was based on ruling out systemic and
anesthetic factors. Stable anesthesia management is necessary for accurate monitoring.
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Warning criteria
In our present study, rapid amplitude loss (more than 80%
MEP) associated with high-risk surgical maneuvers (including osteotomy, spinal decompression, closing wedge
osteotomy, cervical laminoplasty, etc.) were considered as positive [9]. If MEP amplitude and waveform could not improve
after optimizing stimulus parameters and excluding systemic and anesthetic factors, the surgical team must be informed.
True-positive: This includes two kinds of situations: (1)
MEP loss persisted then presented a corresponding new neurologic deficit; (2) MEP loss and then recovery after adopting
corrective measures, and patient had no new neurologic deficit.
False-positive: MEP loss persisted despite corrective measures and no postoperative neurologic deficits. True-negative:
There is no MEP loss and no new neurologic deficit. Falsenegative: There is no MEP loss but new neurologic deficit.
Statistical analysis
Statistical comparisons were made by χ2 test using SPSS
software (IBM SPSS Statistics for Windows, Version 19.0,
IBM Corp, Armonk, NY, USA), and p<.05 was considered
statistically significant.
Results
Table 1 shows the characteristics of diagnosis and muscles
strength distribution. There were 27 patients (Table 2) showing
significant MEP loss, 23 of these were true positive and 4 were
false positive cases; 21 new spinal deficits; 13 transient spinal
deficits; and 8 permanent spinal deficits. The sensitivity of
intraoperative MEP monitoring was 100%, the specificity
98.7%, the positive predictive value 85.2%, and the negative predictive value 100% (Table 3).
The overall incidence of postoperative new spinal deficits
is 6.3% (21 of 332). After statistical analysis among different diagnoses, we found the congenital kyphoscoliosis,
tuberculous kyphoscoliosis, and thoracic spinal stenosis
are high-risk diagnoses in showing MEP loss (Fig. 1). Fig. 2
showed several typical examples of magnetic resonance
imaging from different types of PPSDs. In addition, we must
note that the monitoring change from PPSDs always presented as rapid MEP loss associated with high-risk diagnoses
or high-risk surgical maneuvers, including osteotomy, decompression, closing wedge osteotomy, laminoplasty, etc.
(Table 2).
Discussion
There were 27 patients showing significant and rapid MEP
loss (23 were true positive and, 4 were false positive); 21 postoperative new spinal deficits; 13 transient spinal deficits; and
8 permanent spinal deficits. The success rate of reliable MEP
for PPSDs was 95.1% in our case samples, and reliable MEP
baselines were not recorded in 17 patients (11 paralyses and
6 incomplete paraplegia cases). The sensitivity of intraoperative
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Table 1
The diagnosis and muscle strength distribution (n=349)
%
Diagnosis
Spinal deformity
Congenital scoliosis
Neuromuscular scoliosis
Neurofibromatosis scoliosis
Adult scoliosis
Marfan syndrome scoliosis
Ankylosing spondylitis kyphosis
Congenital kyphoscoliosis
Tuberculous kyphoscoliosis
Scheuermann disease kyphosis
Congenital anomaly of cervical spine
Atlantoaxial subluxation
Basilar invagination
Spinal degeneration
Thoracic spinal stenosis
Cervical spinal stenosis
Ossification of posterior longitudinal ligament or
yellow ligament
Spinal trauma
Epidural tumor
Muscle strength distribution
Upper extremities
4–5/5 Weakness proximally
2–4/5 Weakness proximally
0–2/5 Weakness proximally
4–5/5 Weakness distally
2–4/5 Weakness distally
0–2/5 Weakness distally
Lower extremities
4–5/5 Weakness proximally
2–4/5 Weakness proximally
0–2/5 Weakness proximally
4–5/5 Weakness distally
2–4/5 Weakness distally
0–2/5 Weakness distally

14.0
4.9
2.0
6.3
0.6
0.9
6.0
3.7
4.0
2.0
3.4
2.9
12.9
19.5
8.9
2.9
5.2

49.8
47.7
3.5
42.6
50.3
7.1
37.7
54.6
7.7
27.9
61.4
10.7

MEP monitoring was 100%, the specificity 98.7%, the positive predictive value 85.2%, and the negative predictive value
100%.
In general, the muscles (including quadriceps, tibialis anterior, flexor hallucis longus, gastrocnemius, biceps femoris,
abductor halluces, etc) were commonly used for recording
intraoperative MEP. According to our data (Fig. 3) and clinical experience, the higher muscle strength can always be used
to record the better MEP waveform; therefore, we try to select
the limbs muscles with higher strength or at least 2/5 strength
to record optimal MEP. Then we obtained 95.1% reliable MEP
baseline, and the sensitivity of intraoperative MEP monitoring was 100%, the specificity 98.7%, the positive predictive
value 85.2%, and the negative predictive value 100% (Table 3).
In addition, many previous studies [10–13] have also proven
that the intraoperative MEP is feasible for patients with cervical compression myelopathy. Therefore, after identifying
no significant difference in the success rate of intraoperative monitoring among neuromuscular scoliosis, kyphosis, or
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Table 2
The significant intraoperative MEP change for 27 patients with preoperative spinal deficits
MEP
recovery

Blood
loss

New
spinal
deficit

Deficit
recovery
time

Permanent
spinal
injury

True or
false
positive

N

Age

Sex

Diagnosis

Surgical procedure

MEP change
etiology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

49
12
14
49
23
26
6
35
13
28
28
11
48
23
54
36
51
34
49
17

F
F
M
M
F
M
F
F
F
F
M
M
F
F
F
M
M
M
M
F

T11–L4
T5–L4; T11/12 VCR
T4–L4; T10–11 VCR
T6–L2; T8/9/10 VCR
Revision
T1–T9; T4–T6 VCR
T7–L3
T7–L5; L2 PSO
T3–L4; T8 VCR
T1–T6; T3 HVR
T5–L3; T11/12 VCR
VCR
T1–T8
T2–T12; T6/7 VCR
C2–C7
T2–T9
T1–T4
T12–L3; L1 VCR
T5–L5; T11/12 VCR
C4–C7

Decompression
Osteotomy
Osteotomy
Osteotomy
Closing wedge osteotomy
Osteotomy
Diastematomyelia resection
Correction
Osteotomy
Unknown
Decompression
Closing wedge osteotomy
Decompression
Osteotomy
Decompression
Decompression
Decompression
Osteotomy
Osteotomy
Unknown

N
N
Y
Y
N
N
N
Y
N
N
N
N
Y
N
N
N
N
N
N
N

1000
4000
1500
1500
1600
1200
500
2000
1900
1200
3000
2000
500
1000
300
1600
300
1200
2300
500

+
+
−
−
+
+
+
+
+
+
+
+
+
+
−
+
+
+
+
−

24 h
…
…
…
3 mo
24 h
…
12 h
1 wk
3 mo
…
…
24 h
…
…
1 wk
…
…
12 h
…

−
+
…
…
−
−
+
−
−
−
+
+
−
+
−
−
+
−
−
−

True
True
True
True
True
True
True
True
True
True
True
True
True
True
False
True
True
False
True
False

21
22
23
24
25
26
27

57
50
58
61
63
52
13

F
F
M
M
M
F
M

TSS; LSS
CKS
TKS
CKS
CKS
TKS
CS
Adult scoliosis
CS
CS
CKS
CS
TSS
TKS
CSS
TSS
TSS
CKS
CKS
Atlantoaxial
subluxation
CKS
TSS
CSS
OPLL
TSS
TSS
CS

HVR
T5–T10
C2–C7
C2–C7
T8–T12
T4–L1
T1–T10; HVR

Osteotomy
Decompression
Laminoplasty
Unknown
Decompression
Decompression
Osteotomy

Y
Y
N
N
N
N
N

3000
1500
200
500
1600
2000
800

−
+
+
−
+
+
+

…
12 h
…
…
24 h
1 mo
…

−
−
+
−
−
−
+

True
True
True
False
True
True
True

CS, congenital scoliosis; CKS, congenital kyphoscoliosis; TKS, tuberculous kyphoscoliosis; TSS, thoracic spinal stenosis; LSS, lumbar spinal stenosis;
CSS, cervical spinal stenosis; OPLL, ossification of posterior longitudinal ligament; HVR, hemivertebra resection; VCR, vertebral column resection; MEP,
motor evoked potential.
New spinal deficit: +, postoperative new spinal deficit; −, no postoperative new spinal deficit.
MEP baseline could be obtained in all the 27 patients with different levels.

cerebral palsy and idiopathic scoliosis [14], we further confirm
the MEP can be applied efficiently to most PPSDs.
During high-risk surgical maneuvers (osteotomy, decompression, closing wedge osteotomy, laminoplasty, etc.), the

Table 3
Test performance of MEP monitoring in PPSDs
Patients (n/%)
MEP baseline obtained
MEP significant changes
New spinal deficit
Permanent spinal injury
True positive
False positive
Sensitivity
Specificity
Positive predictive value
Negative predictive value

332
27
21
8
23
4
100%
98.7%
85.2% (23/27)
100%

Sensitivity=true positive/(true positive+false negative)=100%.
Specificity=true negative/(false positive+true negative)=305/4+305=98.7%.
Positive predictive value=true positive/(true positive+false positive)=85.2%.
Negative predictive value=true negative/(true negative+false
negative)=100%.

surgical team needs know the spinal cord function immediately so that it can take measures to prevent the impending
neurologic injury as soon as possible. So we strongly suggest
the audience to be more careful once a similar high-risk situation happens; the appropriate intraoperative interventions
[6] or methylprednisolone will be useful. Among various monitoring methods, the non-invasive MEP is a superior way to
meet that and no signal averaging is required. Next we will
discuss the efficiency of non-invasive MEP in predicting postoperative neurologic deficits of PPSDs.
First, according to our data, there are 27 patients (8.1%)
showing significant MEP loss, and then lead to an monitoring alert, the clinical features of those patients are presented
in Table 2. Moreover, the significant MEP loss commonly
happens among the high-risk diagnoses (ie, congenital kyphoscoliosis, tuberculous kyphoscoliosis, and thoracic spinal
stenosis) (Fig. 1). Meanwhile, in previous reports, PPSDs have
also been reported to be associated with a higher risk of intraoperative monitoring loss compared with normal spinal
function [7,9]. In conclusion, there is no doubt that PPSDs
have a higher risk in MEP loss than patients with normal
spinal function under the same conditions. Next, whether this
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Fig. 1. The high-risk diagnoses in the 27 patients with MEP alerts. (Left) The number of positive cases in different diagnoses. (Right) The positive rate in
different diagnoses, congenital kyphoscoliosis, tuberculous kyphoscoliosis, and thoracic spinal stenosis are high-risk diagnoses compared with others.

monitoring loss is a strong predictor of postoperative deficits for PPSDs becomes an important issue.
Second, among our 27 patients with MEP alert, 21 (77.8%)
patients presented different degrees of new spinal function
deficits, which showed the monitoring loss was closely related
to the new spinal deficit. Furthermore, similar detection in
surgical decompression surgery for myelopathy also showed
the decreased MEPs could indicate the corresponding neurologic deficits with high sensitivity [10,13,15]. Thus, we can
make a preliminary judgment that rapid intraoperative MEP
loss in PPSDs can predict the impending spinal hypofunction to a certain extent.
Third, it should be noted that many new spinal deficits can
recover automatically. In our study, there were 13 patients
showing different levels of transient spinal deficits (neural function recovery range from 12 hours to 3 months after operation).

Meanwhile, the transient sensory or motor deficits are also
visible in the surgical decompression of severely thoracic spinal
stenosis [16]. Therefore, the monitoring loss may indicate new
onset or evolution of spinal cord damage or dysfunction that
may be reversible. If detected, early intervention may prevent
permanent spinal damage. On the other hand, the incidence
of permanent spinal injuries is 2.41% (n=8) in PPSDs, which
is much higher than idiopathic scoliosis (0.38%–1.08%)
[17–20]. So these trends are in keeping with established knowledge that patients with preoperative spinal deficits may be
at greater risk for both transient and permanent neurologic
injury.
Finally, some reasons are probably related to the high incidence of spinal deficits in PPSDs group. On the one hand,
spinal degeneration or persistent compression may easily result
in secondary spinal cord injury [1], and the injury severity

Fig. 2. Typical examples of MRI image from different PPSDs. (Left) Spine deformity complicated with PPSD. (Middle, Right) Cervical and thoracic myelopathy complicated with PPSD. MRI, magnetic resonance imaging; PPSD, population with preoperative spinal deficit.
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Fig. 3. The typical sample of MEP traces from a PPSD. Patient is a 12-year-old adolescent girl with congenital kyphoscoliosis and preoperative incomplete
paralysis. Preoperative neurologic examinations showed that the muscle strength of AH and BF were weaker than TA, which was consistent with the intraoperative MEP. MEP, motor evoked potential; PPSD, population with preoperative spinal deficit; TA, tibialis anterior; AH, abductor hallucis; BF, biceps femoris.

depends on the duration of neural compression [21]. On the
other hand, the reperfusion injury after decompression from
a spinal chronic compressive lesion is also a possible reason
[16]. Also, the accumulated experimental evidence suggests
that ischemia and reperfusion lesions can lead to neuronal
death, and reactive oxygen radicals have been implicated to
play an important role in this situation [22].
As we know, there continues to be a significant debate regarding the utility of MEP in predicting and mitigating
postoperative neurologic deficits in cervical spine surgery
[23,24]. Here we need to specially note that only when the
MEP loss is associated with the corresponding important surgical points, it will be identified as positive and otherwise
should be considered as systemic or anesthetic factors first.
Meanwhile effective spinal cord monitoring is somewhat dependent on the skills and experience of the monitoring team.
The audience can consult the usage of MEP monitoring in
our previous study [9], which is also appropriate for PPSDs.
In addition, the MEP monitoring has great advantages as early
indicators of neural compromise are especially very sensitive
in detecting the change of spinal cord tension. As long as we
can use MEP monitoring expertly and correctly, it will bring
great advantage for surgeons and patients.
There are also some limitations to the current study. First,
the population of this study does not have a single disease
but consists of a heterogeneous group with spine deformity,
spine degeneration, spine trauma, spine tumor, etc. However,
from the perspective of spinal cord monitoring, it may not

affect our final conclusion because our focus is on their
common problem of neurologic function. And the PPSDs with
different spine diseases may be applicable for a consistent
intraoperative electrophysiological diagnostic criterion. Second,
although the data were collected prospectively, the study
design and analysis were performed retrospectively, which
is bound to bring inherent bias toward our result. Third, the
neuromonitoring results were from our single institution and
limited population sample; therefore, the incidence of our statistical data may include potential selection bias. Further studies
of more comprehensive intraoperative monitoring data from
multicenter studies are needed in the future.
Conclusions
Motor evoked potential monitoring could be performed efficiently in most PSD patients, and rapid MEP loss associated
with the high-risk surgical procedures may indicate early new
neural damage; if detected, appropriate timely intervention
may prevent further injury.
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