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Abstract
Objectives: Intraoperative neurophysiological monitoring  (IONM) has long been regarded 
as the “gold standard” when resecting a supratentorial glioma, as it facilitates the goals of 
maximal tumor resection and preservation of sensorimotor function. The purpose of the 
present study was to evaluate the ability of motor evoked potentials (MEPs) monitoring or 
subcortical mapping  (SCM), alone or in combination, to predict postoperative functional 
outcomes in glioma surgery. Materials and Methods: We retrospectively reviewed 
patients with supratentorial glioma that underwent craniotomy for tumor removal with 
IONM. Statistical analyses were used to evaluate whether the following criteria correlated 
with postoperative functional outcomes: Reduced amplitude  (>50% reduction) or 
disappearance of MEPs  (criterion 1), SCM with a stimulation intensity threshold less than 
3 mA (criterion 2), the presence of both two phenomena  (criterion 3), or either one of the 
two phenomena  (criterion 4). Results: Ninety‑two patients were included in this study, of 
whom 15 sustained new postoperative deficits, 4 experienced improved functional status, 
and 73 were unchanged. Postoperative functional status correlated significantly with all four 
criteria, and especially with criterion 3  (r  =  0.647, P  =  0.000). Sensitivity of IONM was 
better if using criteria 2 and 4, but specificity was better if using criteria 1 and 3. Criterion 
3 had the most favorable overall results. Conclusion: Using statistical methodology, our 
study indicates that concomitant interpretation of MEPs and SCM is the most accurate 
predictor of functional outcomes following supratentorial glioma surgery. However, 
accurate interpretations of the monitoring results by experienced neurophysiologists are 
essential.

Keywords: Functional outcome, Intraoperative neurophysiological monitoring, Motor 
evoked potentials, Subcortical mapping

neurophysiological monitoring (IONM) and mapping techniques 
are important to reduce the risk of injury to neurologically vital 
areas; this is particularly true given the current trend to pursue 
more aggressive treatments for this population group  [1,4‑6]. 
Maximal safe resection according to functional boundaries, 
guided by IONM, is now the standard treatment for low‑  and 
high‑grade gliomas involving eloquent areas [7].

There are two major intraoperative neurophysiological 
techniques for assessing motor function and safety of 

Introduction

Supratentorial brain tumors are a principal cause of major 
morbidity and mortality worldwide  [1]. Glioma is the 

most common pathological type of supratentorial brain 
tumor and is broadly divided into low‑grade  (World Health 
Organization  [WHO] grade II) and high‑grade  (WHO 
grades III‑IV). Low‑grade gliomas have a strong propensity 
to malignant transformation and local spread along white 
matter tracts, despite their slow‑growing nature  [2]. Due to 
ongoing advancements in the field, the treatment of gliomas 
has experienced a paradigm shift towards a more active 
approach to management. Both long‑term oncologic and 
functional outcomes are positively correlated with the extent of 
resection  (EOR)  [3]. Given the tendency of gliomas to develop 
and progress near eloquent brain structures, intraoperative 
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resection: Motor‑evoked potentials  (MEP), obtained with 
transcranial or direct cortical stimulation  (TCS or DCS, 
respectively), and subcortical mapping  (SCM), which 
determines the distance between the stimulation point and the 
corticospinal tract  (CST). It is widely accepted that there is a 
linear relationship of 1 mA per 1 mm of brain tissue, i.e., the 
distance between the current resection cavity and the CST in 
millimeters is roughly the same as the subcortical stimulation 
intensity threshold  (in milliamperes) to elicit a motor 
response  [8,9]. Typically, cessation of the surgical resection 
is suggested when an intensity threshold is  <3 mA using a 
monopolar stimulation probe. During MEP monitoring, most 
recognize an amplitude drop of 50% or more as an important 
indicator of potential damage to the motor pathway  [10]. 
These two widely used approaches can be complementary and 
be used together.

To the best of our knowledge, there has been no previously 
published work using statistical analyses to evaluate which 
of these two monitoring techniques, either used alone or 
in combination, can best predict postoperative neurological 
outcomes following supratentorial glioma surgery. The 
purpose of the present study was to determine which 
monitoring indicators correlate best with postoperative 
functional outcomes and can thus be used reliably to guide 
surgical resection of supratentorial gliomas. Our hypothesis 
is that combining both monitoring and mapping techniques 
would allow surgeons to safely maximize the EOR. We aimed 
to utilize statistical analyses to substantiate this hypothesis.

Materials and methods
We retrospectively reviewed patients with supratentorial 

glioma that underwent craniotomy for tumor resection with 
IONM. In addition to imaging studies, all patients underwent 
thorough physical and neurological examinations  (including 
motor and sensory functional status) before and after surgery, 
and prior to discharge. Manual muscle testing  (MMT, grade 
0–5) was used to assess muscle strength of the affected 
limbs and the Barthel Index  (BI) was used to measure 
performance in activities of daily living. More than one 
grade deterioration in MMT and reduction of  >10 score in 
BI were defined as new functional deficit after operation. 
This study was approved by the Institutional Review Board 
of our hospital  (2018‑06‑020AC, approved on June 1, 2018). 
Informed written consent was waived because the study was a 
retrospective data analysis.

Total intravenous anesthesia with propofol and remifetanyl 
was used during surgical procedures, and only one dose of 
muscle relaxant was used, during induction only. Depth of 
anesthesia was kept at a consistent level by an anesthesiologist 
so that IONM could be performed continuously. After 
craniotomy, phase reversal was applied to identify the central 
sulcus and to define the sensorimotor cortex, if indicated. 
Cortical mapping was then used to define the location of 
the eloquent motor cortex. While surgeons were resecting 
the tumor, we used somatosensory evoked potential and 
MEP monitoring, by either TCS or DCS, to safeguard the 
integrity of the sensorimotor function. MEP monitoring was 

performed with intermittent multi‑pulse train stimulation 
(4–9 pulses, 50 us pulse duration, 500 Hz, 50–100 V for DCS 
and 180–300 V for TCS). SCM, using a monopolar electrode 
and multi‑pulse train stimulation technique  (5 pulse, 500 us, 
500 Hz, 0.1–15 mA), was used to identify the proximity of the 
subcortical motor tract during the resection, whenever surgeon 
requested. IONM in the present study was conducted using 
32 channel IONM system, Cascade Elite.

After collecting all related data from medical records, we 
then used statistical analyses to investigate for a relationship 
between postoperative functional outcomes and the following 
criteria during surgery: Reduced amplitude  (>50% reduction) 
or disappearance of MEPs  (criterion 1), SCM with a 
stimulation intensity threshold  <3 mA  (criterion 2), presence 
of both two phenomena  (criterion 3), or either one of the two 
phenomena (criterion 4). Statistical indicators used to evaluate 
the strength and weakness of aforementioned four criteria 
included sensitivity, specificity; diagnostic odds ratio  (DOR), 
receiver operating characteristic  (ROC) curve, area under 
the ROC curve  (AUC); positive predictive value  (PPV), 
negative predictive value  (NPV); false‑positive rate  (FPR), 
false‑negative rate  (FNR); positive likelihood ratio  (PLR), 
negative likelihood ratio  (NLR). DOR is the ratio of the 
probability of positivity in patients with neurological injury 
during operation relative to the probability in patients without 
injury. It is a global measure for diagnostic accuracy and is 
used for comparison between multiple diagnostic tests. ROC 
curve is a graph plotted with sensitivity on the y‑axis and 
1‑specificity on the x‑axis. AUC is the AUC with a range 
of value between 0 and 1 and is a useful indicator of the 
discriminative power of a test. An AUC of  >0.7 designates 
good diagnostic accuracy. PPV is the probability of a true 
neurological injury in a patient with positive result. On the 
other hand, NPV is the probability of absence of neurological 
injury in a patient with negative result. PLR is the ratio of 
sensitivity to 1‑specificity, the value of which of >10 indicates 
good diagnostic test. NLR is the ratio of 1‑sensitivity to 
specificity, the value of which of <0.1 is considered good.

Results
Demographics

Ninety‑two patients with supratentorial glioma who 
underwent craniotomy for tumor resection were included in 
this study  (46  males and 46  females, age range: 2.5–85  years 
old [mean age: 45.0 ± 17.4 years]).

Postoperative outcomes
Of the 92  patients in our study, 15  patients sustained new 

deficits after surgery, 4  patients experienced an improved 
functional status after surgery, and 73 patients were unchanged 
postoperatively. In 12  patients, MEPs decreased significantly 
or disappeared irreversibly before the end of the procedure, 
and 7 of these sustained new postoperative functional 
deficits. During SCM, the intensity used to elicit compound 
motor action potentials from the contralateral muscles ranged 
from 0.5 to 20 mA  (mean: 5.4  ±  4.1 mA); in 33  patients, a 
stimulation intensity threshold lower than 3 mA was used, and 
of these, 13  patients experienced a functional deterioration 
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after surgery. There were 9 patients with both significant MEP 
changes and a SCM stimulation intensity threshold of <3 mm 
during surgery, and 8 of them sustained new postoperative 
functional deficits. Of the 37  patients with either significant 
MEP changes or a SCM stimulation intensity threshold 
of  <3 mA during surgery, 13 experienced new neurological 
deficits following surgery. Seven patients sustained new 
functional deficits although SCM reading was higher 
than 3 mA and their MEP had stayed stable till the end of 
procedure. Postoperative magnetic resonance imaging  (MRI) 
study did reveal acute cerebral infarction which might occur at 
immediate postoperative stage in all of them.

Diagnostic accuracy
The mean SCM values in the groups with and without 

new postoperative deficits were 2.27  ±  1.12 and 5.99  ±  4.19, 
respectively, and this difference was statistically significant 
according to the Mann–Whitney U‑test. The age and gender 
of patients did not show a significant correlation with surgical 
outcomes. Using Spearman’s correlation, postoperative 
functional status correlated significantly with all four criteria, 
and especially with criterion 3  (r  =  0.647, P  =  0.000). The 
sensitivity of IONM was better when using criteria 2 and 
4; however, specificity was better if using criteria 1 and 
3  [Table  1]. There appeared to be strengths and weaknesses 
for each single criterion, but criterion 3 was noted to possess 
more advantages than others when using statistical analysis to 
calculate DOR, AUC, PPV, NPV, FPR, and PLR.

Discussion
Current surgical strategies toward supratentorial glioma

Removal of a supratentorial glioma does carry the risk of 
creating new functional deficits, since the aim of surgery is 
to remove as much of the tumor as possible, with the goal 
of maximizing long‑term survival. Accumulated evidence 
has indicated that overall survival  (OS) and progression‑free 
survival  (PFS) is largely determined by the EOR  [4,5,11]. An 
EOR of  >90% has been found to be significantly related to 
positive effects on both OS and PFS [12]. A more radical and 
relatively new concept in neuro‑oncological surgery, known as 
supratotal resection  (defined as resection beyond the margins 

of the tumor on MRI), has been shown to improve outcomes 
by delaying malignant transformation or recurrence  [13‑15]. 
Nonetheless, a wider EOR conventionally carries a greater 
risk of neurological injury because gliomas commonly involve 
eloquent areas of motor cortex or the CST. This combination 
of the infiltrative nature of gliomas, with more aggressive 
surgical strategies, have made intraoperative monitoring and 
mapping essential in the resection of gliomas, to preserve 
neural integrity and to maximize postoperative functional 
outcomes [3].

Two commonly used intraoperative monitoring 
techniques

In clinical practice, MEP monitoring with either TCS or 
DCS, and SCM with a monopolar probe, are the two major 
techniques for ensuring safe resection without injuring 
motor systems  [10,11,16]. Each has its own strengths and 
weaknesses. Most monitoring specialists consider a  >50% 
amplitude loss of MEP as critical. As for SCM, a linear 
correlation between motor threshold  (MT) intensity in 
milliamperes and the distance of stimulation point to the CST 
in millimeters is well established [8,17]. With the current trend 
of more active and even preemptive surgical strategies for 
gliomas, it is imperative to find out which criteria are more 
clinically relevant, and in particular, which are more strongly 
associated with postoperative neurological deficits and 
functional outcomes. According to our analyses, combining 
both MEP monitoring and MT on SCM offered the optimal 
overall prediction. The criterion 3 provided the highest values 
of DOR, PPV, and PLR, much higher than those of all other 
three criteria. Furthermore, the criterion had the lowest value 
of FPR among the four criteria, while performing well at AUC 
and NPV.

Previous studies have recommended that combined 
guidance with both MEP and SCM not only improves the 
safety of surgery but also increases the extent of surgical 
resection [1,12,16,18]. However, the strengths and weaknesses 
of each of these modalities have not been thoroughly studied 
with statistical analysis thus far, and there is no doubt that this 
information will offer important information to the relevant 
professionals. Whenever choosing a diagnostic tool in clinical 
practice, we need to look closely into both the sensitivity and 
specificity of that particular tool. However, frequently, a higher 
sensitivity is associated with a lower specificity, due to a higher 
FPR. During surgery for supratentorial gliomas, there are two 
possible causes of new postoperative deficits. One is direct 
injury, due to resection too close to the subcortical motor tract, 
and this phenomenon is frequently encountered when SCM 
readings are lower than 3 mA. The other cause is mediated 
through interruption of the blood supply to the subcortical 
motor tract during surgery, including through vasospasm 
during manipulation. We maintained a safe distance between 
the area of resection and the subcortical motor tract, aiming 
for SCM readings  >3 mA, although MEPs can still decrease 
or disappear during IONM due to ischemia. This is one of the 
reasons for discrepancies between MEP and SCM monitoring. 
The sensitivity of MEPs was 46.7% and specificity was 93.5% 
in our series. The low sensitivity may be due to a time gap, 
in that motor deterioration may have actually happened after 

Table 1: Results of our study
Criterion 
1 (MEP)

Criterion 
2 (SCM)

Criterion 3 
(MEP + SCM)

Criterion 4 
(MEP or SCM)

Sensitivity (%) 46.7 86.7 53.3 86.7
Specificity (%) 93.5 74.0 98.7 68.8
DOR 12.6 18.5 86.9 14.3
AUC 0.701 0.803 0.760 0.777
PPV (%) 58.3 39.4 88.9 35.1
NPV (%) 90.0 96.6 91.6 96.4
FPR (%) 41.7 60.6 11.1 64.9
FNR (%) 10.0 3.4 8.4 3.6
PLR 7.1 3.3 41 2.7
NLR 0.5 0.1 0.4 0.1
MEP: Motor evoked potential, SCM: Subcortical mapping, DOR: Diagnostic 
odds ratio, ROC: Receiver operating characteristic, AUC: Area under the 
ROC curve, PPV: Positive predictive value, NPV: Negative predictive value, 
FPR: False‑positive rate, FNR: False‑negative rate, PLR: Positive likelihood 
ratio, NLR: Negative likelihood ratio
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the end of the surgical procedure and IONM, either from the 
interruption of blood flow or the development of focal edema. 
The sensitivity of SCM was 86.7% and the specificity was 
74% in our series, and the AUC was 0.803. As such, SCM 
monitoring appears to be an excellent tool to discriminate 
groups with and without new postoperative deficits. Criterion 
3 possessed low sensitivity  (53.3%) and extremely high 
specificity  (98.7%), along with a low FPR  (11.1%), and this 
implied that it is a stricter criterion to use to identify patients 
with new postoperative deficits. Criterion 4 appeared to have 
the opposite characteristics, with a high sensitivity  (86.7%) 
and a low specificity  (68.8%) along with a remarkably high 
FPR  (64.9%), which suggests that it may not be useful for 
guidance during surgical resection.

Implications for practice
The DOR and AUC are statistical analyses that account 

for both sensitivity and specificity. An ideal diagnostic tool 
should possess high predictive value, low false rate, high 
PLR, and a low NLR. Thus, in our series, surgical resection 
of a glioma under the guidance of criterion 3 appears to have 
more advantages than the other three criteria, given that it 
possessed a higher DOC  (86.9), acceptable AUC  (0.760), 
high PPV  (88.9%), high NPV  (91.6%), low FPR  (11.1%), 
and high PLR  (41) compared to others. However, given that 
criterion 3 is a stricter criterion to use to define the existence 
of a possible postoperative deficit, it will have a higher 
FNR  (8.4%). Therefore, consideration of the concomitant use 
of other criteria based on the specific clinical situation is still 
recommended, whenever indicated.

Conclusion
Using statistical methodology, our study shows that 

concomitant interpretation of MEPs and SCM is the 
most accurate predictor of functional outcomes following 
supratentorial glioma surgery. However, given the suboptimal 
sensitivity and FNRs of this approach in clinical practice, it 
certainly highlights the importance of accurate interpretations 
of the monitoring results by experienced neurophysiologists.
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