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INTRODUCTION

Preservation of the functional motor cortex is of utmost priority during neurosurgery for lesions 
that lie in close proximity or on the motor strip. With proper intraoperative neurophysiological 
techniques, a fine balance between maximal excision and minimal risk can be achieved.[1-3] Direct 
electrical stimulation of the exposed cortex remains the gold standard intraoperative technique 
for identification of the motor cortex.[4]

The low-frequency stimulation protocol (50 Hz, 1 ms pulse) pioneered by Penfield and Boldrey[5] 
has largely been replaced by a high-frequency stimulation protocol (a short burst of 4–8 pulses at 
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monopolar, 10.0 (7.7–18.0) mA) compared to bipolar 18.5 (10.0–28.5) mA) configuration, respectively. Out of the 
41 patients, 28 patients were positively mapped with monopolar, whereas only 14 were with bipolar configuration 
(50% false-negative motor mapping with bipolar configuration).

Conclusion: The TCI for stimulation of the motor cortex is lower in monopolar configuration with a high-
frequency protocol. The bipolar configuration, when used in a high-frequency stimulation protocol, can result in 
high false-negative mapping (maximum current 30 mA).

Keywords: Bipolar, Cortical motor mapping, Direct electrical cortical stimulation, Monopolar

is is an open-access article distributed under the terms of the Creative Commons Attribution-Non Commercial-Share Alike 4.0 License, which allows others 
to remix, transform, and build upon the work non-commercially, as long as the author is credited and the new creations are licensed under the identical terms.
©2025 Published by Scientific Scholar on behalf of Indian Journal of Physiology and Pharmacology

https://ijpp.com

Indian Journal of Physiology and 
Pharmacology

https://orcid.org/0000-0002-1104-5082
https://dx.doi.org/10.25259/IJPP_35_2025


Gupta, et al.: Motor mapping by monopolar and bipolar probe

Indian Journal of Physiology and Pharmacology • Volume 69 • Issue 4 • October-December 2025  |  355

200–500 Hz) due to the lesser risk of seizures.[6] In monopolar 
configuration, the anodal probe is placed over the putative 
motor cortex, while the cathode is placed on the scalp on the 
periphery of the surgical site.[7-10] In bipolar configuration, 
both the electrode terminals are placed over the cortex with a 
gap of approximately 5–10 mm.[11]

Two previous reports have compared the relative 
effectiveness of the monopolar and bipolar configurations for 
the identification of the motor cortex. In both these studies, 
the monopolar stimulation was given in a high-frequency 
protocol while the bipolar stimulation was given in a low-
frequency protocol.[12,13] One of these studies reported 
equivalence between two configurations[12] while the other 
has advocated the use of the monopolar configuration.[13]

All the previously mentioned studies have compared the 
outcome of monopolar and bipolar probes with high 
and low-frequency protocols, respectively. Theoretically, 
the type of probe and stimulus parameters (frequency/
amplitude) are the independent factors that affect charge 
density during motor mapping. There are no studies where 
a comparison has been made between the monopolar and 
bipolar configurations in a high-frequency stimulation 
protocol. In addition, the threshold current intensity (TCI) 
for the stimulation has not been detailed in the two studies. 
In theory, the bipolar configuration should stimulate smaller 
regions of the cortex and provide better spatial resolution as 
compared to the monopolar, even though it may need larger 
currents to be delivered.[14]

Therefore, the present study was designed to compare the 
relative effectiveness of the high-frequency protocol with 
monopolar versus bipolar configuration for the identification 
of the motor cortex. The purpose of this study is to address 
this lacuna so as to provide valuable information about the 
suitable current delivery technique with the high-frequency 
multipulse stimulation protocol.

MATERIALS AND METHODS

The study was conducted on 41  patients who underwent 
craniotomies for lesions requiring mapping of the motor 
cortex after approval. Proximity to the motor cortex was 
assessed using pre-operative neuroimaging along with the 
neurosurgeon’s judgement, based on which the mapping 
requirement was established. Ethical clearance was obtained 
from the Institute Ethics Sub-committee, AIIMS, New Delhi 
(Ref. No. IECPG-236/30.03.2016, RT-11/29  June 2016). 
Informed consent was obtained from the eligible patients or 
their legal guardians in case of minors before their inclusion 
as study participants. Patients with severe pre-operative 
motor power deficits, i.e. ≤2 on the Medical Research Council 
(MRC) scale (MRC, UK) or patients with previous surgeries 
for similar illnesses, were excluded from participation. The 

motor power assessment was repeated in the post-operative 
period. Diagnosis of the patients is presented in Table 1.

Anaesthesia

Of the 41 surgeries, 37 were done under general anaesthesia 
and 4 were awake craniotomies under conscious sedation.

Under general anaesthesia

The anaesthesia was induced with propofol (2  mg/kg) 
and fentanyl (2 μg/kg), followed by neuromuscular block 
with rocuronium (0.9–1.2  mg/kg) to facilitate intubation. 
The muscle relaxant was withheld thereafter. Maintenance 
of anaesthesia was achieved with intravenous propofol 
(50–100 μg/kg/min) and fentanyl (1 μg/kg/h). Inhalational 
agents, including nitrous oxide, were avoided. In situations 
where nitrous oxide had to be given, the level was kept below 
50% in combination with the air mixture.

Awake craniotomy

A combination of local anaesthetic (bupivacaine 0.5%), scalp 
block and a short-acting general anaesthetic agent (propofol 
and/or dexmedetomidine) was used to induce a hypnotic 
state which is rapidly reversible. Once the dura, cranium and 
scalp were opened, the sedation was allowed to wear off so as 
to enable the patient to be awake during surgery.

Intraoperative neurophysiological mapping of motor cortex

NIM-ECLIPSE® NS System (Medtronic, USA) was used 
for the intraoperative neurophysiological mapping with a 
channel capacity of 32 (2 recording boxes with 16 channels 
each). This allowed for simultaneous multi-muscle 
compound muscle action potential (CMAPs) recordings 
across both upper and lower limbs. The motor mapping 

Table 1:  Diagnosis of the patients.

Diagnosis (n=41) Left sided 
lesion

Right sided 
lesion

Frontal glioma 5 4
Posterior-frontal glioma 4 6
Fronto-parietal glioma - 3
Temporal glioma - 1
Parietal glioma 3 2
Parieto-occipital glioma 1 -
Fronto-tempo-parietal glioma 1 -
Fronto-temporal insular glioma 2 2
Fronto-parietal meningioma 1 -
Refractory epilepsy 3 1
Frontal glioblastoma multiforme - 2
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during surgery was first done after the exposure of the 
cortical surface, before starting resection and afterwards at 
multiple time points during the critical steps of resection 
whenever identification of the motor cortex was required by 
the neurosurgeon.

Recording setup

After induction, recording electrodes were placed in the 
hemi-body of the patient, contralateral to the side of the 
lesion. Muscles chosen for electrode placement were: 
Frontalis, Orbicularis Oculi, Orbicularis Oris, Mentalis, 
Trapezius, Deltoid, Biceps, Triceps, Brachioradialis, Flexor 
Carpi Radialis, Abductor Pollicis Brevis, Abductor Digiti 
Minimi, Rectus Abdominis, Quadriceps Femoris, Biceps 
Femoris, Tibialis Anterior, Gastrocnemius and Abductor 
Hallucis. Frontalis and orbicularis oculi were clubbed in a 
single channel. Orbicularis Oculi and Mentalis were also 
clubbed in a single channel. For the rest, all other above-
mentioned muscles, one channel was used per muscle, thus 
utilising a total of 16 channels for recording. This channel 
allocation remained consistent across all study participants, 
allowing for reproducibility in motor response analysis. Dual 
twisted needle electrodes were placed in all cases except for 
the 4 awake craniotomy cases, where surface patch electrodes 
were placed on the patient for recording of evoked responses 
in the form of CMAPs. A ground electrode was placed at the 
shoulder. A band-pass filter of 30–3000 Hz was used with a 
sweep duration of 100 ms.

Stimulation protocol and motor mapping

High-frequency stimulation protocol was used for 
stimulation, where a train of 8 square wave pulses, of 100 μs 
duration each, was delivered at a frequency of 275 pulse/s 
with an inter-train interval of 1 s.[6] The instrument was 
set for fast charge mode, which delivers constant voltage 
(current derived from impedance).[15] For identification 
of the functional motor cortex, current was delivered by 
a handheld stimulator probe that was positioned by the 
neurosurgeon. First, a monopolar stimulator probe (2  mm 
ball tip probe) was used for stimulation and mapping, in 
which the stimulator was the anodal pole, and a cathodal 
single needle return electrode was placed in the periphery 
of the surgical field [Figure  1]. The current intensity was 
gradually increased from 5 mA till a motor response in the 
form of CMAPs was observed from the recording electrodes, 
or a maximum of 30 mA current intensity was reached. The 
minimum current that resulted in CMAPs was noted as the 
TCI. The muscles responding to stimulation were also noted. 
In this way, the exposed cortex was mapped for eloquent 
motor areas [Figure  2]. The procedure was repeated with a 
bipolar stimulation probe (0.5 mm ball tip probe) where both 

anodal and cathodal poles (5 mm apart) were placed over the 
same region of exposed cortex for motor mapping [Figure 2]. 
Once again, the TCI and the muscles responding with 
CMAPs were noted. If cortical stimulation by the stimulation 
probe resulted in CMAPs from any of the muscles of the 
contralateral hemibody, it was termed as positive mapping. 
The corresponding area of the motor cortex was mapped 
as that motor area; for example, if CMAPs were recorded 
from the biceps, then the corresponding motor cortex 
being stimulated was designated as the functional motor 
cortex representing the arm. If cortical stimulation by the 
stimulation probe did not result in any CMAPs from any of 
the muscles of the contralateral hemibody, even at 30  mA, 
it was termed as negative mapping. The corresponding area 
of the motor cortex was mapped as a non-motor area. Cold 
saline was kept readily available as a standard intraoperative 
precaution for seizure management. Simultaneous 
electrocorticography monitoring for after-discharges, as well 
as somatosensory evoked potential-based phase reversal 
for central sulcus mapping, could not be performed due to 
operational constraints.

Figure 1: Bipolar and monoplar stimulator 
probe.

Figure  2: Stimulation of motor cortex by (a) monopolar and (b) 
bipolar stimulating electrode.

a b
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Statistical analyses

Each parameter was tested for distribution of the data 
based on standard normality tests (D’Agostino-Pearson 
omnibus normality test and Shapiro–Wilk test). Parametric 
data are presented as Mean ± Standard deviation, and non-
parametric data are presented as median (interquartile 
range). Paired Student t-test and Mann–Whitney U test were 
applied for parametric and non-parametric data, respectively, 
for comparison between groups. The level of statistical 
significance was set at P ≤ 0.05. All statistical analyses were 
performed using GraphPad Prism version 5.0 for Windows 
(GraphPad Software, Inc., USA).

RESULTS

Forty-one patients (25 males and 16 females with a mean age 
of 35 ± 12.69 years; 3 minors) who were scheduled to undergo 
neurosurgery with a lesion at/near the eloquent motor 
cortex were recruited from the department of neurosurgery. 
Out of the 41  patients, intraoperative motor mapping with 
a high-frequency stimulation protocol resulted in positive 
mapping in 28 patients on direct cortical stimulation with a 
monopolar probe. Out of these 28, a positive mapping with 
bipolar stimulation could be achieved in 14. There were 
no cases where the motor cortex was identified in bipolar 
configuration but not with the monopolar configuration. In 
the rest of the 13 cases, motor mapping resulted in negative 
mapping, identifying the stimulated areas as non-motor 
cortex.

There were 14  cases in which cortical motor mapping was 
positive with both monopolar and bipolar stimulation, 
and data from these patients were analysed for comparison 
between the monopolar and bipolar stimulation with a 
high-frequency stimulation protocol. The TCI required for 
positive motor mapping, i.e. elicitation of CMAPs on direct 
cortical stimulation, was significantly higher with bipolar 
stimulation as compared to monopolar stimulation [Table 2]. 
This statistical difference held true whether the surgeries 
were being performed under general anaesthesia or were 
awake craniotomies. The threshold intensity was higher in 
patients under general anaesthesia as compared to the awake 
craniotomies in both configurations.

The high-frequency stimulation protocol with monopolar 
configuration was not only more sensitive in the 
identification of positive motor cortex, but it also required 
significantly less intensity of stimulation to evoke motor 
responses as compared to the bipolar mode of stimulation. 
In the present study, if only the bipolar configuration had 
been used for identification of the motor cortex, then 
50% (14 of 28) of positive mapping with the monopolar 
configuration would have been labelled as negative mapping 
(false-negative mapping).

Responses were recorded from 12 to 16 groups of muscles, 
and the number of muscles identified with monopolar 
and then with a bipolar probe at threshold intensity in the 
same area of cortex was noted down and analysed. The 
total number of muscle groups (motor area) identified 
by monopolar was significantly higher compared with 
bipolar. The study also showed that at threshold stimulation 
intensity, monopolar electrode (groups of muscle activated: 
3.44 ± 3.57) was more sensitive as compared to bipolar 
electrode (1.313 ± 2.27); (P = 0.0062) in terms of the total 
number of muscles responding to the stimulation of primary 
motor cortex [Figure 3].

The clinical effectiveness of motor mapping with monopolar 
and bipolar high-frequency stimulation protocol was 
assessed based on the analysis of the post-operative outcome 
quantified by the post-operative average MRC score as 
compared to the pre-operative average MRC score. Out 
of the 41  patients, there were 28  patients in which motor 
mapping resulted in positive mapping with monopolar 
stimulation. Out of these 28 patients, there was a subgroup of 
14 patients in which positive mapping with both monopolar 
and bipolar stimulation occurred. Of these 14  patients, 3 
developed minor decrements in the MRC score of ~0.75 
in the immediate post-operative period. 2 of the cases of 
the subgroup with positive mapping only with monopolar 
stimulation also developed similar minor deficits in the 

Table 2: Threshold current intensity (TCI) for positive mapping 
with monopolar and bipolar stimulation with high-frequency 
stimulation protocol. 

Motor mapping Monopolar 
TCI (mA) 

Bipolar TCI 
(mA)

P-value

Under GA (n=10) 11.5 (10.0–24.7) 23.0 (17.5–30.0) 0.0208*
Awake 
craniotomy (n=4)

6.5 (5.2–7.7) 10.0 (9.2–10.0) 0.0143*

Total (n=14) 10.0 (7.7–18.0) 18.5 (10.0–28.5) 0.0178*
Data are presented as Median (Interquartile range), *Statistically 
significant (P≤0.05), GA: General anaesthesia

Figure 3: Graphical representation of the various muscles identified 
with monopolar (pink) and bipolar (light blue) stimulation showing 
lesser or no identification with bipolar compared to monopolar.
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immediate post-operative period. In patients with negative 
mapping, the 13 did not develop any new neurological deficit 
postoperatively.

DISCUSSION

High-frequency stimulation protocol for direct cortical 
stimulation is routinely done in monopolar configuration, 
while the traditional low-frequency stimulation is routinely 
done in a bipolar configuration. The high-frequency 
stimulation protocols are preferred as there is less risk of 
seizures, and also because the duration of the stimulation 
is not fixed in the low-frequency protocol. The present 
study was done to compare the relative effectiveness of the 
monopolar and bipolar configurations for the identification 
of the motor cortex when the stimulation is done in a high-
frequency protocol. More than 50% of cases of brain tumour 
in females were in the 4th  decade of life, whereas in males, 
no specific age limit was found. Motor strip glioma had 
the worst outcome in terms of immediate post-operative 
functional deficit (MRC scores) as compared to other brain 
tumours, though the sample size was too small to comment 
on the relevance of sex, age and diagnosis.

The TCI was significantly lower in the monopolar configuration 
(10 mA) as compared to the bipolar configuration (18.5 mA), 
respectively. Similar results were seen by Szelényi et al.[16] 
where they have compared both configurations in a high-
frequency protocol for subcortical stimulation.

Kovac et al.[13] have reported a higher threshold intensity 
for monopolar (3.9 ± 0.2) rather than bipolar (3.3 ± 0.1) 
configuration during extraoperative stimulation. However, it 
should be mentioned that in the low-frequency stimulation 
protocol, the duration of stimulation is variable, and 
hence, the threshold obtained could vary depending on the 
strength-duration curve. Similarly, Kombos et al.[12] have 
used a multi-pulse high-frequency protocol with monopolar 
configuration, while a traditional single pulse low-frequency 
stimulation protocol with bipolar and has been reported; 
both methods have been reported to be equally sensitive in 
the identification of the primary motor cortex. The intensity 
of stimulation in their study ranged from 9.0 mA to 20.0 mA 
for bipolar, while 5.0–20.0 mA for monopolar, but threshold 
intensities were not mentioned.

The lower threshold for the monopolar configuration is 
due to the larger spread of the current densities around the 
anodal probe as compared to the bipolar configuration.[17] 
The TCI is higher under general anaesthesia as compared 
to that in awake craniotomies due to the known depressant 
effect of the anaesthetic agents on the cortical stimulation-
evoked potentials.[18,19]

In many cases, the tumour resection boundary was 
determined based on the findings of cortical motor mapping 

(with a monopolar probe). Thus, it helps in not only warning 
and predicting the post-operative outcome but also in 
preventing new post-operative deficits.

It must be noted that with monopolar stimulation, while 
negative predictive value can be good with higher intensity 
of stimulation but the specificity may be compromised 
owing to current spread in adjacent areas, which may also 
get stimulated. Furthermore, it would not be possible to 
distinguish whether the positive area is the primary motor 
cortex or secondary/supplementary motor areas. In addition, 
it would be difficult to correlate the intraoperative findings 
with post-operative neurological outcomes in case of new 
deficits, as any subcortical white matter injury may cause 
post-operative deficits even if the eloquent motor cortex is 
correctly identified and preserved during the mapping and 
subsequent surgery. Another limitation was the lack of phase 
reversal mapping for identification of the central sulcus, 
which may have helped in better correlation of the motor 
mapping findings.

CONCLUSION

TCI stimulation of the motor cortex was lower in the 
monopolar configuration in the high-frequency protocol. 
The bipolar configuration, when used in a high-frequency 
stimulation protocol, can result in 50% false-negative 
mapping (max current 30 mA).

Acknowledgement: (1) We would like to thank Dr.  Sanjay Patel 
and Dr.  Hanjabam Barun Sharma for providing us with technical 
support during Intraoperative Neurophysiological Monitoring. (2) 
No additional equipment was bought. All equipment utilised for 
the study was picked from the equipment set already being used in 
the department for IONM services, given as standard care in the 
appropriate cases.

Ethical approval: The research/study was approved by the 
Institutional Review Board at All India Institute of Medical 
Sciences, New Delhi, approval number IECPG-236/30.03.2016, RT-
11/29th June 2016, dated 29th June 2016.
Declaration of patient consent: The authors certify that they have 
obtained all appropriate patient consent.
Financial support and sponsorship: Nil.
Conflicts of interest: There are no conflicts of interest.
Use of artificial intelligence (AI)-assisted technology for 
manuscript preparation: The authors confirm that there was no 
use of artificial intelligence (AI)-assisted technology for assisting or 
writing the manuscript and no images were manipulated using AI.

REFERENCES

1.	 Duffau H, Lopes M, Arthuis F, Bitar A, Sichez JP, 
Van Effenterre R, et al. Contribution of intraoperative electrical 
stimulations in surgery of low grade gliomas: A  comparative 
study between two series without (1985-96) and with 



Gupta, et al.: Motor mapping by monopolar and bipolar probe

Indian Journal of Physiology and Pharmacology • Volume 69 • Issue 4 • October-December 2025  |  359

(1996-2003) functional mapping in the same institution. 
J Neurol Neurosurg Psychiatry 2005;76:845-51.

2.	 De Witt Hamer PC, Robles SG, Zwinderman AH, Duffau H, 
Berger MS. Impact of intraoperative stimulation brain 
mapping on glioma surgery outcome: A meta-analysis. J Clin 
Oncol 2012;30:2559-65.

3.	 Ottenhausen M, Krieg SM, Meyer B, Ringel F. Functional 
preoperative and intraoperative mapping and monitoring: 
Increasing safety and efficacy in glioma surgery. Neurosurg 
Focus 2015;38:E3.

4.	 Choi BD, Mehta AI, Batich KA, Friedman AH, Sampson JH. 
The use of motor mapping to aid resection of eloquent gliomas. 
Neurosurg Clin N Am 2012;23:215-25.

5.	 Penfield W, Boldrey E. Somatic motor and sensory 
representation in the cerebral cortex of man as studied by 
electrical stimulation. Brain 1937;60:389-443.

6.	 Schucht P, Seidel K, Jilch A, Beck J, Raabe A. A  review of 
monopolar motor mapping and a comprehensive guide to 
continuous dynamic motor mapping for resection of motor 
eloquent brain tumors. Neurochirurgie 2017;63:175-80.

7.	 Landgren S, Phillips CG, Porter R. Minimal synaptic actions 
of pyramidal impulses on some alpha motoneurones of the 
baboon’s hand and forearm. J Physiol 1962;161:91-111.

8.	 Taniguchi M, Cedzich C, Schramm J. Modification of cortical 
stimulation for motor evoked potentials under general 
anesthesia: Technical description. Neurosurgery 1993;32: 
219-26.

9.	 Suess O, Suess S, Brock M, Kombos T. Intraoperative 
electrocortical stimulation of Brodman area 4: A  10-year 
analysis of 255 cases. Head Face Med 2006;2:20.

10.	 Kombos T, Suess O, Ciklatekerlio Ö, Brock M. Monitoring of 
intraoperative motor evoked potentials to increase the safety 
of surgery in and around the motor cortex. J  Neurosurg 
2001;95:608-14.

11.	 Yingling CD. Intraoperative mapping and monitoring of motor 
cortex-a new Paradigm. US Neurol 2011;7:64-7.

12.	 Kombos T, Suess O, Kern BC, Funk T, Hoell T, Kopetsch O, 
et al. Comparison between monopolar and bipolar electrical 
stimulation of the motor cortex. Acta Neurochir (Wien) 
1999;141:1295-301.

13.	 Kovac S, Scott CA, Maglajlija V, Toms N, Rodionov R, 
Miserocchi A, et al. Comparison of bipolar versus monopolar 
extraoperative electrical cortical stimulation mapping in 
patients with focal epilepsy. Clin Neurophysiol 2014;125:667-74.

14.	 Nathan SS, Sinha SR, Gordon B, Lesser RP, Thakor NV. 
Determination of current density distributions generated 
by electrical stimulation of the human cerebral cortex. 
Electroencephalogr Clin Neurophysiol 1993;86:183-92.

15.	 Hausmann ON, Min K, Boos N, Ruetsch YA, Erni T, Curt A. 
Transcranial electrical stimulation: Significance of fast versus 
slow charge delivery for intra-operative monitoring. Clin 
Neurophysiol 2002;113:1532-5.

16.	 Szelényi A, Bello L, Duffau H, Fava E, Feigl GC, Galanda M, 
et al. Intraoperative electrical stimulation in awake craniotomy: 
Methodological aspects of current practice. Neurosurg Focus 
2010;28:E7.

17.	 Vitaz TW, Marx W, Victor JD, Gutin PH. Comparison of 
conscious sedation and general anesthesia for motor mapping 
and resection of tumors located near motor cortex. Neurosurg 
Focus 2003;15:E8.

18.	 Lotto ML, Banoub M, Schubert A. Effects of anesthetic agents 
and physiologic changes on intraoperative motor evoked 
potentials. J Neurosurg Anesthesiol 2004;16:32-42.

19.	 Basu I, Anderson W. Bipolar vs monopolar stimulation for 
cortical mapping: Which is better? Neurosurgery 2014;75:16-7.

How to cite this article: Gupta U, Bir M, Jaryal AK, Netam RK, Singh A, 
Kale SS, et al. Comparison of monopolar and bipolar stimulation protocol 
for mapping of motor cortex. Indian J Physiol Pharmacol. 2025;69:354-9. doi: 
10.25259/IJPP_35_2025

https://dx.doi.org/10.25259/IJPP_35_2025

