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Abstract

To explore the relationship between postoperative motor deficits and the duration of reduced motor-evoked potentials (MEPs) in
patients with middle cerebral artery (MCA) aneurysm. This study included 285 cases of MCA aneurysm treated with clipping
surgery with MEP monitoring. The effects of MEP changes on postoperative motor function were assessed, and the key time
point for minimizing the incidence of postoperative motor dysfunction was found through receiver operating characteristic
(ROC) curve analysis. Motor dysfunction was significantly associated with the occurrence of MEP changes, and patients with
irreversible changes were more likely to suffer motor dysfunction than were those with reversible changes. The critical duration
of MEP changes that minimized the risk of postoperative motor dysfunction was 8.5 min. This study revealed that MEP
monitoring is an effective method for preventing ischemic brain injury during surgical treatment of MCA aneurysm and proposes
a critical cutoff for the duration of MEP deterioration of 8.5 min for predicting postoperative motor dysfunction.
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Introduction

Intracranial aneurysm is defined as a localized dilation of a
cerebral arterial wall and occurs in 3—-5% of the general pop-
ulation [1, 2]. Aneurysm rupture is the most lethal complica-
tion of intracranial aneurysm and the major cause of subarach-
noid hemorrhage. Aneurysm ranks as the third leading cause
of acute cerebrovascular accidents, behind cerebral thrombo-
sis and hypertensive cerebral hemorrhage, and the relevant
mortality and morbidity are still high, even with modern treat-
ment approaches.

Neurosurgical clipping and endovascular coiling are the
optimal therapeutic options for intracranial aneurysm current-
ly [2]. However, both therapies are invasive and associated
with a high risk of postoperative neurological dysfunction.
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Previous studies have shown that, compared with coiling,
neurosurgical clipping leads to a higher incidence of postop-
erative neurological deficits, primarily due to ischemic brain
injury induced by surgical procedures such as prolonged oc-
clusion or inappropriate retraction [6, 8, 10]. Thus, various
assistant techniques have been developed for aneurysm sur-
gery for the purposes of detecting ischemic changes early and
adjusting relevant procedures in a timely manner.
Intraoperative neurophysiological monitoring (IONM) is one
such technique, and multiple studies have verified that [ONM
parameters including motor-evoked potential (MEP) and
somatosensory-evoked potential (SSEP) are useful and reli-
able for predicting and preventing ischemic brain injury dur-
ing aneurysm surgery [3, 13]. In general, MEP is considered
to offer better diagnostic accuracy than SSEP [15].

The sensitivity of MEP monitoring for detecting decreased
cerebral blood flow during aneurysm surgery has been vali-
dated previously [4], and a warning criterion based on the
decrease in MEP amplitude for predicting postoperative neu-
rological dysfunction also has been established (a decrease in
amplitude by more than 50%). In 2019, our research team first
proposed a threshold value for the duration of MEP deterio-
ration for predicting postoperative motor deficits in aneurysm
patients [9], but it was found to be insufficiently precise. An
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ideal indicator for predicting postoperative motor deficits
must be more individualized according to aneurysm charac-
teristics, for instance, aneurysm location. Logically, we can
expect the tolerance time to ischemia to vary among cortices
supplied by different arteries, and thus, the threshold value for
the duration of MEP deterioration should also differ according
to aneurysm location. In the current study, we chose middle
cerebral artery (MCA) aneurysm, which is the most common
aneurysm type surgically treated in our hospital, as an entry
point to investigate the specific association between the dura-
tion of MEP deterioration and aneurysm location. The rela-
tionship between postoperative motor deficits and the duration
of MEP deterioration was explored.

Materials and methods
Patients

A total of 285 cases treated with MCA aneurysm clipping
surgery with MEP monitoring by the same neurosurgical team
at Beijing Tiantan Hospital from January 2016 to July 2018
were enrolled in the study. Cases were included only if they
lacked (1) preoperative motor dysfunction; (2) abnormal pre-
operative MEP; (3) preoperative seizures, cerebral infarction
hemiplegia; and (4) cardiac pacemakers and other metal im-
plants. The study was approved by the ethics committee of our
hospital.

All patients provided informed consent for participation in
the study.

Anesthesia

Total intravenous anesthesia was generally induced with
propofol (150 mg) and sufentanil (25 pg) and maintained with
propofol (4-6 mg/kg/h) and remifentanil (0.05-0.2 png/kg/
min). The muscle relaxant cis-acurium bromide (20 mg) was
used only during endotracheal intubation and scalp incision.
Throughout the operation, the patient’s temperature, blood
pressure, heart rate, blood oxygen concentration, partial pres-
sure of carbon dioxide, and other relevant parameters were
continuously monitored by the anesthesiologist.

IONM

IONM was performed by one of two experienced IONM tech-
nicians, and SSEPs and MEPs of extremities were monitored
in all patients. For MEP monitoring, the stimulation sites were
C1 (left) and C2 (right) according to the International EEG
Electrode Placement 10-20 System Standard, and the record-
ed sites included the abductor pollicis brevis and abductor
hallucis muscles. The stimulation and recording electrodes
were corkscrew and needle electrodes, respectively. MEPs
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were generally obtained by 8-pulse trains, with a stimulus
intensity of 100400 V, a stimulus interval of 50-500 ps,
and a stimulus frequency of 250-500 Hz. The band-pass filter
range was 30-3000 Hz, with a notch filter at 50 Hz, and the
analysis time was 50—100 ms.

MEPs were recorded once after anesthesia and again before
opening the dura mater to obtain baseline values. After open-
ing of the dura mater, MEPs were routinely recorded approx-
imately every 5 min and should be recorded more frequently
for critical procedures such as temporary occlusion and clip
adjustment. A reduction in MEP amplitude by more than
50%, excluding anesthetic and physiological effects, was con-
sidered a significant change requiring early warning and inter-
vention. Once a warning is reported, the surgeon should take
appropriate measures, such as releasing the temporary occlu-
sion or adjusting the clip placement, to restore MEP amplitude
and prevent ischemic injury. Changes in MEPs were
subdivided into reversible and irreversible changes based on
whether the significant reduction or disappearance of MEP
amplitude was restored to more than 50% of the baseline
value. For a reversible change, the duration of the MEP
change was also recorded.

Clinical evaluation and postoperative follow-up

All patients were followed up at 1 week and 3 months after
surgery, and their motor function was evaluated using the
Karnofsky Performance Scale (KPS). A higher KPS score
indicates a better prognosis, and vice versa. Motor deficits that
resolved within 3 months post-surgery were defined as short-
term motor dysfunction, whereas those that were not resolved
within 3 months after surgery were defined as long-term mo-
tor dysfunction. The postoperative evaluation of all patients
was performed by two experienced neurosurgeons.

Statistical analysis

All statistical analyses were performed using SPSS software
version 22.0 (SPSS Inc., Chicago, IL, USA) and GraphPad
Prism (version 8.0.1 for Windows, GraphPad Software, San
Diego, CA, USA). Continuous variables were represented as
the mean + standard deviation (SD), and categorical variables
were represented as frequency and rate. A p value < 0.05 was
considered statistically significant. Chi-square test, Student ¢
test, Mann-Whitney U test, or Fisher exact test were used for
comparisons of the two groups, as appropriate.

To further analyze the relationship between postoperative
motor dysfunction and the duration of MEP deterioration,
receiver operating characteristic (ROC) curve analysis was
conducted to determine an optimal duration associated with
the minimum probability of postoperative motor dysfunction.
The effects of various parameters on motor dysfunction were
analyzed by multivariate logistic regression analysis.
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Results

Clinical and demographic characteristics of MCA
aneurysm patients

MEP changes during surgery for MCA aneurysm repair were
observed in 63 (22.11%) patients, whereas no changes in MEP
changes were found in 222 (77.89%) patients. The character-
istics of the patients categorized according to the occurrence
of MEP changes are summarized in Table 1. The gender and
age of patients did not differ between the groups, but the
incidence of aneurysm rupture was significantly higher among
patients with MEP changes. Moreover, the incidence of MEP
changes was significantly higher in patients who experienced
aneurysm rupture. However, whether the aneurysm ruptured
or not had no effect on short-term motor dysfunction (8/42
versus 24/243, p < 0.05 chi-square test) and long-term motor
dysfunction (4/42 versus 19/243, p < 0.05 chi-square test).
Among the 63 patients with MEP changes, 49 showed
reversible changes and 14 showed irreversible changes. No
statistically significant differences in gender, age, or the inci-
dence of aneurysm rupture were observed between patients
with reversible and irreversible changes in MEPs (Table 2).

Intraoperative MEP changes and postoperative motor
dysfunction

Of the 63 MCA aneurysm patients who experienced signifi-
cant MEP changes during surgery, 22 (34.92%) had short-
term and 16 (25.40%) had long-term motor dysfunction. Of
the 222 patients who showed no MEP changes during surgery,
10 (4.50%) had short-term and 7 (3.15%) had long-term motor
dysfunction. Overall, patients with intraoperative MEP chang-
es were more likely to suffer short-term and long-term motor
dysfunction than those without (p < 0.05 and p < 0.05, respec-
tively, chi-square test, Table 3).

Of the 63 patients with intraoperative MEP changes, 49
showed reversible changes and 14 showed irreversible changes.
Among the 49 patients with reversible changes, short-term and
long-term motor dysfunction were observed in 11 (22.45%) and

6 (12.24%) patients, respectively. Among the 14 patients with
irreversible changes in MEPs, short-term motor dysfunction
could be identified in 11 (78.57%) patients, whereas 10
(71.43%) showed long-term motor dysfunction. From these out-
comes, patients with irreversible changes were at greater risk for
suffering both short-term and long-term motor dysfunction
(» <0.05 and p < 0.05, respectively, chi-square test, Table 4).

Subsequently, the relationship between the duration of
MEP deterioration and postoperative motor deficits was ex-
plored in patients with reversible intraoperative MEP changes.
In the 11 patients with short-term motor dysfunction, the mean
duration of MEP deterioration was 27.64 min (range, 3—
97 min), which was significantly longer than that in the 38
patients who did not experience short-term motor dysfunction
(7.66 min [range, 1-29 min], p < 0.05, Mann-Whitney U test).
From the ROC curve analysis, the critical duration of MEP
deterioration for predicting short-term motor dysfunction was
determined to be 8.5 min (area under the curve (AUC) =
0.855, 95% confidence interval [CI] 0.699-1.000, Fig. 1a).
In the 6 patients with long-term motor dysfunction, the dura-
tion of MEP deterioration was also significantly longer than
that among the 43 patients without long-term motor dysfunc-
tion (26.50 min versus 10.14 min, p < 0.05, Mann-Whitney U
test), and the threshold duration of MEP deterioration associ-
ated with the minimum risk of long-term motor dysfunction
was also 8.5 min (AUC=0.857, 95% CI 0.740-0.973, Fig.
1b). Among the 49 patients with reversible intraoperative
MEP changes, 25 patients experienced intraoperative MEP
deterioration for less than 8.5 min. Among these 25 patients,
only 1 case (4%) suffered short-term motor dysfunction,
which was resolved within 3 months, and none (0%) suffered
long-term motor dysfunction. In contrast, among the other 24
patients who experienced intraoperative MEP deterioration
for more than 8.5 min, 10 (41.67%) developed short-term
motor dysfunction and 6 (25%) suffered long-term motor dys-
function. Thus, the longer duration of MEP deterioration was
associated with greater incidence rates of both short-term mo-
tor dysfunction (41.67% versus 4%, p < 0.05, chi-square test)
and long-term motor dysfunction (25% versus 0%, p <0.05,
chi-square test).

Table 1 Clinical characteristics

of 285 patients who underwent Parameter MEP changes (n=63) No MEP changes (n=222)  Total W=285) p
surgical treatment for MCA
aneurysm Gender (n) 0.515
Male 29 92 121
Female 34 130 164
Age (years) 0.828
Mean + SD 53.67+11.02 54.00+10.69 53.93+10.75
Range 18-77 14-72 14-77
Aneurysm characteristic 0.021
Ruptured (n) 15 27 42
Unruptured (1) 48 195 243
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Table 2 Clinical characteristics

of 63 MCA aneurysm patients Parameter Reversible changes Irreversible changes Total (m=63) p
with intraoperative MEP changes (n=49) (n=14)
Gender (n) 0.736
Male 22 29
Female 27 34
Age (years) 0.215
Mean + SD 54.59+11.33 50.43+9.50 53.67+11.02
Range 18-77 39-66 18-77
Aneurysm 0.236
characteristics
Ruptured (1) 10 15
Unruptured (n) 39 48

Intraoperative MEP changes and KPS score

KPS scores were compared between the patients with and with-
out intraoperative MEP changes at the 1-week follow-up (short-
term) and 3-month follow-up (long-term). At the 1-week follow-
up, patients without MEP changes had a significantly higher
mean KPS score than those with MEP changes (97.48 + 10.55
versus 78.25+26.81, p<0.05, ¢ test, Table 3). At the 3-momth
follow-up, the result was the same (98.60 + 6.48 versus 87.94 +
20.33, p<0.05, ¢ test, Table 3). Moreover, patients with revers-
ible MEP changes had a higher KPS than those with irreversible
MEP changes at both the 1-week and 3-month follow-ups
(p<0.05 and p < 0.05, respectively, ¢ test, Table 4).

Risk factors for postoperative motor dysfunction

Multivariate binary logistic regression analysis was used to de-
termine whether interoperative MEP deterioration was an inde-
pendent predictor of the different forms of postoperative dysfunc-
tion. The results showed that patients with intraoperative MEP
changes had higher risks of short-term motor dysfunction and
long-term motor dysfunction than patients without MEP chang-
es. Other factors such as gender, age, and aneurysm characteris-
tics were not found to be independent predictors of postoperative

dysfunction. The results are presented in Table 5. For patients
with reversible changes in MEP, a duration of MEP deterioration
of less than 8.5 min was also an independent predictor of dys-
function compared with a duration of more than 8.5 min (OR
13.88, 95% CI 1.48-130.49, p < 0.05).

Discussion

Relationship between intraoperative MEP changes
and postoperative motor dysfunction

Determining the relationship between intraoperative MEP
changes and postoperative motor dysfunction was the main
research objective of the current study, and the study yielded
three results, which follow a progression. First, patients with
intraoperative MEP changes had a significantly higher risk of
postoperative motor dysfunction than those without, which
was not unexpected. Second, patients with irreversible MEP
changes were more likely to suffer postoperative motor dys-
function than those with reversible changes, which also was
not surprising. Third, a critical threshold value for the duration
of MEP deterioration of 8.5 min could minimize the incidence
of postoperative motor dysfunction in MCA aneurysm

Table 3 Relationship between
intraoperative MEP change and

MEP changes (n=63)

No MEP changes (n =222) Total (N=285) P

prognosis

Short-term motor dysfunction ()
Yes 22 10 32 <0.05
No 41 212 253

Long-term motor dysfunction ()
Yes 16 7 23 <0.05
No 47 215 262

KPS score
1-week follow-up 78.25+26.81 97.48 £10.55 <0.05
3-month follow-up 87.94+20.33 98.60 +6.48 <0.05
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Table 4 Relationship between
the type of MEP changes and Reversible MEP changes Irreversible MEP changes Total p
prognosis (n=49) (n=14) (n=163)
Short-term motor dysfunction (1)
Yes 11 11 22 <0.05
No 38 41
Long-term motor dysfunction ()
Yes 6 10 16 <0.05
No 43 47
KPS score
1-week 85.51+23.81 52.86+25.85 <0.05
follow-up
3-month 9245+17.74 72.14+£21.55 <0.05
follow-up

patients, which is established here for the first time and is
clinically meaningful.

In the early 1990s, the introduction of multi-pulse electrical
stimulation made possible the application of MEP monitoring
during surgery for the protection of patients’ motor function.
For decades, MEP monitoring has been generally used in a
variety of surgery types, including aneurysm surgery, spinal
surgery, and carotid endarterectomy, to monitor motor path-
way integrity and predict postoperative motor status [9, 11,
14]. MEP changes generally indicate possible ischemia in
critical sites (e.g., motor cortex or spinal cord) induced by
improper surgical procedures, and thus, could quickly prompt
the surgeon to make corresponding countermeasures to
change the adverse situation for the purpose of avoiding post-
operative dysfunction.

In a study by Szelenyi et al. in 2006, MEP changes were
shown to reliably predict postoperative motor deficits, with
irreversible changes resulting in postoperative motor dys-
function in all cases (3/3, 100%) and reversible changes also
leading to poor motor outcome (3/8, 37.5%) [13].
Consistently, in 2017, Choi et al. reported that 1 patient with
irreversible MEP changes (100%) and 2 of 5 with transient

MEP changes (40%) experienced postoperative motor dys-
function [3]. In the current study, the incidence rates of post-
operative motor dysfunction were 71.4% (10/14) and 12.2%
(6/49) in patients with irreversible and reversible MEP
changes, respectively. Moreover, patients with irreversible
MEP changes experienced markedly worse motility and
quality of life than those with reversible MEP changes, ac-
cording to KPS scores. Notably, our study had a significantly
larger sample size than previous studies, which makes the
results more generalizable. Overall, the relevant studies to
date unanimously indicate that patients with irreversible
MEP changes have an increased risk of postoperative motor
dysfunction. Jones et al. showed that ischemic infarction oc-
curs when blood flow is reduced to a certain threshold in
animal models [7], and Horiuchi et al. suggested that intra-
operative MEP monitoring can indicate a lack of cerebral
blood flow [5]. Thus, we can infer that irreversible MEP
changes indicate a reduction in blood supply so rapid and
severe that it cannot be tolerated by the motor cortex and will
eventually lead to acute ischemic infarction. In addition, re-
versible MEP changes may represent an intermediate ische-
mic state that the motor cortex can tolerate.

Fig. 1 ROC curves for the 100 . 100
prediction of short-term motor /_“ R i
dysfunction (a). The continuous 804 k 804 ssfnn: ;nouot ;s )
line shows the sensitivity, and 8.5 minutes Spe=69.7';%
dashed line shows identity. The X Sen=90.91% | °
. > Spe=76.32% " N ’

area under the curve (AUC) is = 60- P 2 60—
0.855; ROC curves for the pre- E ’ 5
diction of long-term motor dys- » ‘@
function (b).The area under the ch 40+ q=> 40
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Table 5 Multivariate analysis of

factors influencing prognosis Variable Short-term motor dysfunction Long-term motor dysfunction
OR 95% CI p OR 95% CI )4
Gender 0.54 0.24-1.21 0.14 0.55 0.22-1.37 0.20
Age 1.00 0.96-1.04 0.97 1.00 0.96-1.05 0.97
Aneurysm rupture 1.47 0.54-3.97 0.45 0.76 0.22-2.59 0.66
MEP changes 10.90 4.75-25.05 <0.05 10.74 4.11-28.04 <0.05

However, the extent of the decrease in blood flow is not the
only factor that could cause ischemic infarction. The role of the
duration of ischemia is also critical. Suzuki et al. reported 4 cases
with postoperative motor deficits that showed reversible MEP
changes for 8, 10, 12, and 16 min intraoperatively, and these
durations were higher than the average MEP deterioration dura-
tion in patients without motor dysfunction [12]. Szelenyi et al.
found that MEP deterioration for more than 10 min was associ-
ated with a high risk of postoperative hemiparesis based on data
from 4 patients [13]. Most recently, our research team identified a
threshold value (13 min) for the duration of MEP deterioration
for predicting postoperative motor deficits in aneurysm patients
[9]. By comparison, here we obtained a much shorter critical
value (8.5 min) in MCA aneurysm patients. Such results success-
fully validate our hypothesis that the threshold values for MEP
deterioration duration should vary for aneurysms with different
locations and characteristics. As the blood supply for the motor
cortex is mainly provided by the MCA, the cortex should be less
tolerable of ischemia in MCA aneurysm surgery. Additionally,
the poor collateral circulation of the MCA should not be ignored,
as the ability of contralateral compensation is weak when ische-
mic injury occurs. Overall, this study expanded our past findings
and represents a first step toward an individualized prediction
system for postoperative deficits in aneurysm patients.

Limitations

The current study was limited its retrospective nature, and
prospective clinical trials should be designed to verify the
results.

Conclusion

The results of the current study revealed that MEP monitoring
is an effective method for preventing ischemic brain injury
during MCA aneurysm surgery and propose a critical value
for the duration of MEP deterioration (8.5 min) for predicting
postoperative motor dysfunction in MCA aneurysm patients.
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