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Abstract
Introduction Intraoperative neurophysiology (ION) has been established over the past three decades as a valuable discipline 
to improve the safety of neurosurgical procedures with the main goal of reducing neurological morbidity. Neurosurgeons 
have substantially contributed to the development of this field not only by implementing the use and refinement of ION in 
the operating room but also by introducing novel techniques for both mapping and monitoring of neural pathways.
Methods This review provides a personal perspective on the evolution of ION in a variety of pediatric neurosurgical proce-
dures: from brain tumor to brainstem surgery, from spinal cord tumor to tethered cord surgery.
Results and discussion The contribution of pediatric neurosurgeons is highlighted showing how our discipline has played a 
crucial role in promoting ION at the turn of the century. Finally, a view on novel ION techniques and their potential impli-
cations for pediatric neurosurgery will provide insights into the future of ION, further supporting the view of a functional, 
rather than merely anatomical, approach to pediatric neurosurgery.

Keywords Intraoperative neurophysiology · Neuromonitoring · Motor-evoked potentials · Cortico-cortical-evoked 
potentials · Pediatric neurosurgery

Introduction

Intraoperative neurophysiology (ION) has emerged over the 
past three decades as a discipline in clinical neurosciences 
aimed to detect and prevent an impending injury to the 
nervous system during neurosurgical procedures. Although 
ION was pioneered already in the 1970s with the advent of 
somatosensory evoked potentials (SSEPs) [1] and, a decade 
later, brainstem auditory evoked potential (BAEPs) [2], it 
was only in the mid-1990s that the field bloomed, particu-
larly thanks to the advent of intraoperative motor evoked 
potentials (MEPs).

Most of these techniques are typically used in clinical neu-
rophysiology to diagnose or monitor the evolution of a dis-
ease over time, for example, electroencephalography (EEG) 
to investigate epilepsy, electromyography (EMG) to study 
and monitor neuromuscular diseases, and somatosensory 
evoked potentials (SSEPs) to study spinal cord conductivity 
in demyelinating diseases such as multiple sclerosis.

In ION, these techniques are implemented and tailored 
for their intraoperative use. Here, the main limitations are 
the, electrically wise, very noisy environment where there 
is a high risk for artifacts interfering with physiological sig-
nals and, on the other hand, the fact that patients are under 
general anesthesia. This latter can remarkably impact the 
monitorability of evoked potentials and represent for many 
years a burden to the development of ION since anesthetic 
agents can profoundly affect neurophysiological monitoring.

The main goals of ION could be summarized as the 
following:

1. To detect an impending injury to the nervous system in 
time to be reverted or minimized by corrective measures, 
therefore avoiding severe, permanent, neurological deficit

2. To teach the surgeon about the detrimental effects of 
seemingly harmless surgical maneuvers

3. To reassure the surgeon on the safety of specific surgical 
maneuvers

4. To predict neurological outcome

Last but not least, in recent years, ION has also become a 
source of documentation for medico-legal issues.

Interestingly enough, pediatric neurosurgery has repre-
sented a very fertile field for the development of ION, with 
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some of the most revolutionary techniques in ION being 
developed in the context of pediatric neurosurgery.

This article reviews the evolution of ION specifically in 
the field of pediatric neurosurgery, by highlighting some 
of the most relevant contributions in the brain, brainstem, 
spinal cord, and cauda equina surgery.

Brain surgery (Fig. 1)

Although the first report on electrical stimulation of the 
human brain dates back to 1874 by Bartholow [3], Penfield 
was the one who pioneered the use of awake craniotomy 
and direct cortical stimulation (DCS) during epilepsy sur-
gery to localize the epileptogenic zone by inducing auras, 
motor responses or seizures [4]. Almost 40 years later, in the 
1970s, George Ojemann refined Penfield’s technique and 
introduced a more systemized language and neuropsycho-
logical testing to identify and spare functional brain areas 
[5, 6]. Progressively, the use of DCS shifted from epilepsy 
to brain tumor surgery, with an increasing interest also for 
subcortical stimulation. This latter has characterized the last 
decade due to the advent and widespread use of tractogra-
phy, as well as the novel concept of the connectome and 
subcortical functional boundaries [7].

In pediatric neurosurgery, the first report of the use of 
DCS is also attributed to Penfield [8]. In a 4-year-old girl 
with tuberous sclerosis, he recorded by electrocorticography 

(ECoG) a well-localized spike focus over the right mid-
central region of her primary motor cortex. By performing 
DCS of this area to reproduce her seizures and auras, Pen-
field elicited a sensation in the left hand, followed by a left 
clonic seizure. Following Penfield’s report, the use of DCS 
in children remained anecdotal for many decades, being used 
mainly in epilepsy surgery, but never systematically in brain 
tumor surgery.

Only in the late 1980s did Berger et al. address for the 
first time the value of cortical brain mapping to optimize the 
extent of resection and seizure control while reducing mor-
bidity in children with brain tumors [9]. This was a seminal 
paper emphasizing the potential value of cortical stimulation 
in pediatric neurosurgery. However, as it was standard at that 
time, the classic technique for DCS was the use of a biphasic 
50 or 60–Hz stimulation, sustained for several seconds and 
applied through the use of a bipolar probe. This is classically 
known as Penfield’s technique or, more recently, as “low fre-
quency” stimulation, and it still represents the gold standard 
when it comes to language and cognitive mapping during 
awake craniotomies [10]. In the old days, it was used also 
to map the motor cortex but lately, a much more efficient 
technique was introduced.

In the mid-1990s, a German group in Bonn, led by Prof. 
Johannes Schramm, was on the frontline of ION, further 
developing or introducing brand-new neurophysiologi-
cal techniques to localize the motor cortex under general 
anesthesia. One technique, the so-called phase-reversal 

Fig. 1  Timeline of ION development in brain tumor surgery
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technique, was introduced first by Wood et al. in 1988 and 
largely utilized by the Bonn’s group [11, 12]. By using con-
tralateral median nerve stimulation and recording from a 
strip electrode placed perpendicularly across the supposed 
central sulcus, it was possible to localize the Rolandic fis-
sure and, indirectly, the primary motor cortex [11].

The phase-reversal technique was particularly useful in 
pediatric neurosurgery due to the very low success rate of 
the classic Penfield technique for direct cortical stimulation.

The phase-reversal technique is used for central sulcus 
identification, based on the principle that the polarity of 
the SSEPs waveform is reversed when the recording elec-
trodes are moved from the primary sensory cortex to the 
primary motor cortex, across the central sulcus. Due to the 
cytoarchitecture of the central sulcus, a mirror-image wave-
form with reversed potentials is typically recorded from 
the contacts overlying the primary motor cortex. Although 
modern pre-operative functional neuro-imaging including 
navigated transcranial magnetic stimulation and tractogra-
phy may already provide reliable information to localize the 
primary motor cortex, still, the phase-reversal technique may 
be of particular value in younger children where DCS may 
be unsuccessful due to the immaturity of the descending 
motor pathways.

Before the advent of MEPs, the phase reversal technique 
was the only alternative to DCS with the Penfield technique 
to localize, although indirectly, the primary motor cortex. The 
Penfield technique had a very low success rate in children, 
particularly below the age of 5–6 years (see Table 1). This was 
never elucidated mainly because, even nowadays, we do not 
know much about the mechanism eliciting muscle contraction 
using Penfield’s stimulation parameters for DCS. Yet, it was a 
matter of fact that all major pediatric epilepsy surgery groups 
using this technique reported very low success rates.

We are indebted to Schramm’s group for the introduction, 
in the mid-1990s, of the so-called short train (or train-of-
five) technique to elicit motor-evoked potentials under gen-
eral anesthesia. The seminal paper was published in Neuro-
surgery in 1993 by Taniguchi et al. who showed that a short 
train of 3–5 electric pulses with an inter-pulse interval of 
2–4 ms applied directly to the human motor cortex evokes a 
muscle MEP under general anesthesia [18].

While this technique became rapidly popular in Europe, 
it was not used in North America until 2002 when stimula-
tors to perform multipulse transcranial electrical stimulation 
finally received FDA approval. Therefore in North America, 
most pediatric neurosurgery groups continued to use the tra-
ditional bipolar low frequency (50–60 Hz) Penfield’s tech-
nique until the end of the first decade of the new century.

In 2002, we published the first review paper on the state of 
the art of ION in pediatric neurosurgery [19], revealing that 
the vast majority of the literature referred to epilepsy rather 
than brain tumor surgery, and reports on cortical and subcor-
tical mapping in children were anecdotal. We wrote: “While 
we are not aware of published data on MEP monitoring dur-
ing brain surgery exclusively in pediatric series, our personal 
experience with extending the above-mentioned technique 
for use with children has been satisfactory. In particular, we 
have successfully performed neurophysiological monitoring 
and mapping in children less than 1 year of age by using the 
multipulse stimulation technique to elicit mMEPs.”

Interestingly, in a North American review paper on direct 
cortical stimulation in children published in 2009, still, only 
Penfield’s technique was mentioned [20]. Since Penfield’s 
technique allows mapping but not continuous monitoring 
of MEPs, the late introduction of Taniguchi’s technique in 
pediatric neurosurgery explains why, for many years, reports 
on cortical MEP monitoring in children remained excep-
tional. Therefore, despite MEP monitoring being performed 
largely during brain surgery in adult patients [21, 22], virtu-
ally no data existed in the pediatric age group.

In 2010, an abstract was presented at the 22nd ESPN 
Congress in Antalya by Korn et al. where, for the first time, 
DCS performed with both Penfield’s and Taniguchi’s tech-
niques were compared in a group of 12 children with a main 
age of 4.7 years. The success rate was 92% for the short train 
technique versus only 17% using Penfield’s technique [23].

These preliminary data were corroborated by a much 
larger series in 2020. In 57 children who underwent 
supratentorial surgery, the success rate for motor mapping 
was 84% for the short train technique versus 25% for Pen-
field’s technique. Also, the youngest age at which motor 
mapping was successfully achieved was 93 versus 3 months, 
respectively, for Taniguchi’s and Penfield’s techniques [24].

Table 1  Summary of studies reporting on the effectiveness of Penfield’s, low frequency, mapping technique in children

Berger 1990 [13] Electrically unexcitable cortex in children younger than 5–7 years
Nespeca 1990 [14] No responses in children less than 3.8 years
Duchowny 1993 [15] No responses in infants < 1 year

18% response in children aged 4–5 years
51% response in children aged 8–9 years

Chitoku 2001 [16] Inverse relationship between amperage threshold and age using 50 Hz 0.2 ms duration bipolar technique
Signorelli 2004 [17] Higher threshold in children younger than 5 years using 50 Hz 0.5 ms duration bipolar technique (mean 

9.1 vs 3.7 mA)
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Over time, the advantages of the train-of-five technique for 
DCS were also progressively acknowledged among pediatric 
neurosurgical centers in North America both in tumor surgery 
and epilepsy surgery [25, 26]. In 2018, a study from Sick 
Kids in Toronto compared conventional extra-operative motor 
mapping using Penfield’s technique with intra-operative corti-
cal motor mapping using the train-of-five technique. Rather 
than extra-operative versus intra-operative motor mapping, 
what really matters in this study is the comparison of the two 
different cortical mapping techniques. Conclusions were that 
Penfield’s technique frequently led to after discharges and sei-
zures and, with regard to motor mapping, was less informative 
than the train-of-five technique.

Therefore, when it comes to cortical and subcortical 
motor mapping, the past three decades have seen the pro-
gressive consolidation of the short train technique, first in 
Europe then in North America, and the simultaneous pro-
gressive sundown of Penfield’s technique.

Awake craniotomy is a standard procedure when mapping 
of cognitive functions is needed, in particular for language 
assessment. Yet, in children, awake craniotomy is of limited 
use for obvious reasons. In their seminal study on awake cra-
niotomy, Pasquet and Penfield in 1954 concluded that chil-
dren under 10 years were not suitable candidates [27]. This 
dogma remained undisputed until these days. In a recent 
review, it was observed that, unlike adults, awake surgery 
has yet to be accepted as the standard of care in pediatric 
patients, especially in the preadolescent groups [28]. Only 
9 cases of children below the age of 11 years were reported 
in the last 65 years, 5 of those from a very recent series from 
Sick Kids in Toronto and, of the remaining four, two were 
procedures for deep brain stimulation [29]. But also among 
adolescents (11–19 years), who are presumed to be psycho-
logically and intellectually more matured, only 49 cases of 
awake craniotomies have been reported in the literature [28].

Therefore, as a valuable alternative, the use of subcorti-
cal grids for extra-operative mapping has been extensively 
used. Ojemann, in 2003, reported 26 children, aged 4 to 
16 years, where language mapping was performed either 
intra-operatively (DCS, 8 cases) or extra-operatively (grids, 
18 cases) [30]. Apart from substantial variability in the 
localization of language sites, what emerged from that study 
was the paucity of language sites in the perisylvian corti-
ces of children, as compared to previous studies in older 
patients. Similarly, within the pediatric age group, those 
younger than 9 years presented much less functional sites 
in the middle temporal gyrus and the perisylvian frontopa-
rietal cortices, as compared to the older group which had a 
distribution more similar to adults. The authors concluded 
that with advancing age, maturational processes contribute 
to new foci of the cortex essential for language.

With time, particularly in the last decade, indications for 
awake craniotomy in children have enlarged, and studies 

focusing on the neuropsychological and psychiatric impli-
cations of this procedure in such a vulnerable patient popula-
tion are rather encouraging with no evidence of significant 
stress disorders, likely supporting a more extensive applica-
tion of awake surgery in children [31, 32].

Brainstem surgery (Fig. 2)

Neurosurgeons have always paid a lot of respect to the brain-
stem, which, since the times of Cushing and Matson, was 
considered a minefield where no surgery was attempted 
for the high mortality and morbidity. As late as 1969, Mat-
son wrote that “regardless of specific histology, brainstem 
gliomas must be classified as malignant tumors since their 
location in itself renders them inoperable” [33]. Indeed, the 
concentration of highly functional neural structures within 
the brainstem is such that even a small lesion can expose 
to severe neurological deficits, some of these being life-
threatening [34].

Interestingly enough, it was mainly thanks to pediatric neu-
rosurgeons such as Harold Hoffman in Toronto, Fred Epstein 
in New York and Maurice Choux in Marseille that new clas-
sifications and the first clinical series of children operated on 
for brainstem tumors were published [35–40]. This new era in 
brainstem surgery was facilitated by the systematic use of micro-
surgery, the advent of MRI—which allowed much more detailed 
information on the tumor characteristics before surgery—and a 
remarkably improved neurointensive care.

In the early 1990s, there was also an extended attempt, 
by neurosurgeons, to identify anatomical landmarks on the 
floor of the fourth ventricle to define safe surgical corridors 
to approach intrinsic brainstem tumors [41–44]. However, 
anatomical landmarks are extremely valuable when anatomy 
is preserved but can be unreliable if anatomy is distorted by 
the mass effect induced by the tumor itself.

Therefore, some neurophysiological techniques were 
needed to provide neurosurgeons with functional rather than 
merely anatomical landmarks. Some preliminary studies 
were published by Strauss et al. who used neurophysiologi-
cal mapping to identify cranial nerve nuclei on the floor of 
the fourth ventricle [45, 46]. But, again, the contribution of 
pediatric neurosurgeons to the development of these tech-
niques was substantial.

In the early 1990s, a young neurophysiologist from Croa-
tia, Vedran Deletis, joined the pediatric neurosurgery team 
at the New York University (NYU) led by Fred Epstein, to 
develop intraoperative neurophysiological techniques that 
could improve the safety of neurosurgical procedure in chil-
dren, particularly with regard to brainstem and intramedul-
lary tumor surgery. Nobuhito Morota, a young neurosurgeon 
from Japan, was one of the first Deletis’ fellows at NYU. In 
1995, for the first time, Morota systematically compared 
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anatomical findings in a series of 14 patients with brain-
stem tumors, with the intraoperative validation provided by 
direct brainstem mapping [47]. He clearly showed that struc-
tures such as the nuclei of the facial nerve or those of the 
lower cranial nerves could be identified much more reliably 
through the use of neurophysiological mapping techniques, 
remarkably improving the localization of brainstem func-
tional anatomical landmarks.

In a subsequent study, the following year, Morota et al. 
investigated the patterns of displacement of brainstem nuclei 
according to the tumor location [48]. Although this study 
was on a small series of 18 patients and was never replicated 
by others, still, it provided a valuable reference. To sum up, 
the conclusions were that upper pontine glioma tends to dis-
place the facial nuclei downward and laterally, while lower 
pontine glioma does the opposite (upward and laterally). 
Medullary tumors, instead, tend to displace the lower cranial 
nerve nuclei more ventrally.

The surgical implications of those publications were 
relevant for avoiding facial palsy and, even more, injury 
to the glossopharyngeal/vagus and hypoglossal nuclei as 
this would impair the coughing and swallowing reflexes, 
ultimately exposing patients to life-threatening conditions 
such as aspiration pneumonia and respiratory insufficiency. 
What we learned from those studies was that as soon as 
direct neurophysiological mapping of the floor of the fourth 
ventricle, with low stimulation intensities, provides a posi-
tive response from any of the muscles innervated by these 
cranial motor nerves, surgery should stop. At this point, the 
surgeon should consider the intensity of stimulation and the 
type of stimulator in use. Typically, intensity up to 2 mA 
is used for direct brainstem mapping, avoiding stronger 

stimulations, particularly at the level of the medulla for the 
risk of inducing bradycardia and even cardiac arrest. The 
lower the threshold intensity for stimulation, the closer the 
nuclei (or the intramedullary roots) of these nerves, with 
0.1–0.2 mA to be considered low thresholds. A concentric 
bipolar stimulator is preferable to a monopolar stimulation 
as it reduces the current spreading and therefore retains a 
higher localizing value.

In children, intrinsic or dorsally exophytic medullary 
gliomas are usually of low grade. Therefore, whenever 
towards the end of the resection a positive mapping of the 
lower cranial nerves occurs, one should carefully balance the 
oncological and functional risks, very similar to the concept 
of onco-functional balance in adult glioma surgery. To pur-
sue a complete resection may expose to the risk of induc-
ing permanent injury with the need for a, at least transient, 
tracheostomy and/or gastrostomy. This may be unjustified if 
the tumor is in the range of low-grade gliomas where a small 
remnant may remain indolent for many years or even disap-
pear spontaneously. A different perspective applies to fourth 
ventricle tumors infiltrating the floor, such as medulloblas-
tomas and, above all, ependymomas. Given the importance 
of total resection in posterior fossa ependymomas, here, the 
decision of whether or not to abandon surgery in the light of 
positive neurophysiological mapping may be more intrigu-
ing and controversial.

When it comes to intraoperative neurophysiological map-
ping strategies to remove brainstem tumors, pediatric neu-
rosurgeons are certainly indebted to the studies by Morota 
et al., which remain seminal papers in this field. Nowadays, 
these techniques are successfully applied also to very young 
children [49].

Fig. 2  Timeline of ION development in brainstem surgery
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One of the problems of mapping techniques, however, 
is that these allow the identification of safe corridors to 
approach intrinsic brainstem lesions but do not provide a 
continuous functional assessment of the integrity of the 
long pathways passing through the brainstem. For this, 
monitoring techniques are needed. In the early days, only 
SSEPs and brainstem auditory responses (BAERs) were 
available but these could not assess more than 20% of the 
brainstem and therefore motor or cranial nerve deficits are 
possible even with the preservation of SSEPs and BAERs 
[50]. At the time of our review paper on “why, when and 
how” to monitor pediatric neurosurgery, in 2002, the use 
of MEPs, and particularly corticobulbar MEPs, in brain-
stem surgery was still anecdotal. We wrote: “The possibility 
of monitoring corticobulbar pathways by recording MEPs 
from the facial, laryngeal and tongue muscles after transcra-
nial stimulation is currently under investigation and may 
prove to be a useful monitoring tool in the near future” [19]. 
Since then, several studies have addressed the value of cor-
ticobulbar MEPs, which is nowadays a standard technique 
in brainstem and cerebello-pontine angle surgery, although 
most of the studies refer to the adult rather than pediatric 
population [51–54].

Finally, it should be stressed that robust techniques to 
monitor the afferent (sensory) pathways for the lower cranial 
nerve-mediated reflexes such as swallowing and coughing 
have been lacking for many years. This was problematic 
because an iatrogenic injury to the afferent arch of these 
reflexes would not be recognized by current monitoring 
and mapping techniques resulting in false negative results, 
namely patients with post-operative impairment of coughing 
and swallowing despite preserved intraoperative corticobul-
bar MEPs for the lower cranial nerves [55].

ION of reflex circuits within the brainstem is nowadays 
a new strategy to indirectly assess the functional integrity 
of these pathways. One example is the so-called laryngeal 
abductor reflex (LAR), which is mediated at the level of 
the lower brainstem [56]. The LAR is elicited by apply-
ing electrical stimuli to the laryngeal mucosa through 
electrodes placed on the endotracheal tube. The affer-
ent arc carries information from the sensory receptors of 
the supraglottic mucosa to the brainstem via the internal 
branch of the superior laryngeal nerve. The efferent arch 
of the LAR provides motor innervation to the adductor 
laryngeal muscles via the recurrent laryngeal nerve. There-
fore, preservation of the LAR likely reflects preservation 
of the lower brainstem. Initially used in thyroid surgery to 
preserve the superior laryngeal nerve, there are now some 
preliminary results on its application during surgery in the 
brainstem and the cerebello-pontine angle, including two 
pediatric cases [57].

Spinal cord surgery (Fig. 3)

Similarly to brainstem surgery, intramedullary spinal cord 
tumor (ISCT) surgery has always been considered very 
challenging due to the high functional relevance of this tiny 
neural structure. C. Helsberg in his 1925 book “Tumors of 
the Spinal Cord” wrote that “…no matter how markedly the 
tumor will seem to bulge, the surgeon must not attempt to 
remove the growth, for he will be sure to cause grave injury 
to the cord. He must leave it to nature to extrude the tumor.” 
In the following decades, the attempt to remove intrinsic spi-
nal cord tumors was abandoned in favor of a more conserva-
tive approach limited to biopsy and radiotherapy. It was only 
in the early and mid-1980s that neurosurgeons re-considered 
surgery as the first option for some of these lesions. Within 
a few years, J. Brotchi in Brussels, G. Fischer in Lyon, P. 
McCormick and F. Epstein in New York, among others, 
published surgical series of ISCTs with Epstein [58–61], 
in particular, publishing the first pediatric series [62, 63].

As the surgical treatment of ISCTs was challenging and 
burdened by serious complications, the partnership between 
pediatric neurosurgeons and neurophysiologists proved to 
be, once again, very successful. Initially at NYU and, subse-
quently, at the Beth Israel Institute for Neurology and Neuro-
surgery in New York, two neurosurgery fellows, N. Morota 
and K. Kothbauer, decided to invest their training in both 
pediatric neurosurgery and intraoperative neurophysiology, 
under the mentoring of F. Epstein and V. Deletis. Between 
1997 and 1999, they published two papers which represented 
the cornerstones for the subsequent development of ION in 
ISCT surgery. Morota, in 1997, introduced for the first time 
the intraoperative recording of the so-called D wave [64].

The D-wave represents the specific activation of the fast-
conducting fibers of the corticospinal tract (CST). These 
amounts for no more than 2% of all CST fibers but are those 
of the largest diameter and fastest conduction velocity, 
thanks to their high degree of myelinization. The preserva-
tion of the D-wave amplitude, considering a cutoff value of 
50%, has proved to be the strongest predictor of good long-
term motor outcome. In our own experience (unpublished 
data), the D-wave was preserved at the end of surgery in 19 
out of 20 children (95%) operated for ISCTs. This warranted 
a McCormick grade of I or II (namely, able to walk without 
assistance) in 93% of them at a mean follow-up of 12 months 
after surgery. Despite the fact that only a few studies have 
specifically addressed the reliability of D-wave monitor-
ing in predicting motor outcome [65], all these studies have 
consistently confirmed the highly predictive value of this 
neurophysiological parameter [64, 66–69].

One year after Morota’s study, Kothbauer published 
in Neurosurgical Focus the first series of 100 ISCTs all 
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operated with ION [67]. This study has remained for many 
years the largest series of ISCT patients, adults and children, 
consistently operated with ION, showing that a combination 
of D-wave and muscle MEP monitoring warranted a remark-
able sensitivity (100%) and specificity (91%).

In 1997, another paper was published by Kothbauer in 
Pediatric Neurosurgery  [70]. The rather provocative title 
“Intraoperative Spinal Cord Monitoring for Intramedullary 
Surgery: An Essential Adjunct” solicited an Editorial by L. 
Albright, who sagaciously added just a question mark at the 
end to dispute the evidence for the value of IONM [71]. He 
wrote: “Lawyers are not known for their close reading of the 
medical literature and some will no doubt latch onto this article 
as indicating that monitoring SEPs and MEPs are the standard 
of care for all who operate on children with intramedullary 
tumors. Yet SEPs are of no value in predicting postoperative 
motor function and although MEPs may well be of value, we 
have not yet seen confirmatory data that they are.”

At that time skepticism about the reliability of ION was 
still quite diffuse, but Dr. Albright pointed out something 
which became more and more relevant in the following two 
decades, namely the debate on the medico-legal implications 
of neuromonitoring. In 2017, more than 20 years later, A. 
Jea in an Editorial in Neurosurgical Focus entitled: “Intra-
operative Neuromonitoring: gold standard or fool’s gold” 
critically reviewed a paper by Zuccaro et al. [72] address-
ing the value of ION during surgery for spine deformity in 
children [73]. In his editorial, he mentioned that “the authors 

are too aggressive in suggesting that IONM is “standard of 
care”; it implies that spine surgeons who do not use IONM 
are committing malpractice.” Almost 30 years have gone 
by since that respectful debate on the value of ION, which 
took place in a pediatric neurosurgical journal and, to some 
extent, that discussion is not completely over. Yet, despite 
the persistence of believers and disbelievers towards the 
value of ION and the evidence for it, it should be acknowl-
edged that nowadays, there is a large consensus on the fact 
that ION is indeed essential when it comes to ISCT sur-
gery [74]. While the evidence for the use of ION in most 
extramedullary neurosurgical procedures remains debated 
and the indication for ION is optional, in 2023, it would be 
both ethically and medico-legally arguable to operate on an 
ISCT without ION.

In the very same paper on ION in children with ISCTs, 
Kothbauer et al. observed that children below the age of 
9–10 years often retained SSEPs regardless of the magnitude 
or width of the myelotomy, speculating that in young chil-
dren, intramedullary spinal cord tumors may develop already 
during gestation, therefore displacing dorsal columns more 
laterally. This assumption was never confirmed but it may 
be worthy to investigate it nowadays using the more recent 
techniques for direct mapping of the dorsal columns [70].

One of the intriguing aspects of D-wave monitoring 
remains its poor monitorability in younger children. The 
role of age was investigated in 2003 by Szelenyi et al. who 
reviewed D-wave monitoring in 19 children operated for 

Fig. 3  Timeline of ION development in spinal cord tumor surgery
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ISCTs below the age of 3 years [75]. A D-wave was recorded 
in only 7 children aged between 21 and 36 months but not 
in 12 children aged between 8 and 31 months. The young-
est patient with a recordable D-wave was 21 months old. 
The current interpretation for the poor monitorability of the 
D-wave in younger children is that the immaturity of their 
corticospinal tracts accounts for a desynchronization of the 
descending volleys elicited by the transcranial stimulation to 
the point that an epidural catheter on the spinal cord cannot 
record a synchronized, measurable, signal. Yet, the temporal  
and spatial summation of these volleys at the level of the 
α-motoneuron still warrants a muscle contraction. Also, 
these D-waves were recorded caudally to the tumor site, and 
it was therefore difficult to differentiate between the effect 
of the CST immaturity and that of the tumor itself.

Recently, Antkowiak et al. published a series of 23 chil-
dren with ISCT operated with ION. D-wave was monitorable 
in 60.9% of the cases and retained a specificity of 92.3% and 
a sensitivity of 100%, accurately predicting post-operative 
motor deficits [76]. They also concluded that ION did not 
limit the extent of resection (GTR in 29.4% of patients with-
out ION alerts and in 33.3% of those with ION alerts), con-
firming our own experience in a larger series of adult patients 
with intramedullary ependymomas [69].

Tethered cord surgery (Fig. 4)

Surgery in the conus-cauda equina region exposes to the 
risk of sensorimotor deficit to the lower extremities and 
sphincterial deficits. To minimize surgical morbidity, ION 

techniques have been in use for many decades during surgery 
for occult spinal dysraphisms. Traditionally, both spontane-
ous EMG as a monitoring technique and triggered EMG as a 
mapping technique have been used. Triggered EMG is based 
on the electrical stimulation of a motor nerve root and the 
recording of a compound muscle action potential from the 
innervated muscle. In the early and mid-1990s, these tech-
niques were in use both in Europe [77] and North America 
[78]. Free-running EMG was the standard, and MEPs were 
not yet available in most centers. Later on, with the advent 
of the train-of-five technique, transcranial MEPs recorded 
from lower extremity muscles, including the anal sphincter, 
became of routine use also in conus-cauda surgery, although 
free-running EMG still retains its value today and can be 
indicative of lower motor neuron damage [79].

Apart from monitoring MEPs and SEPs from the lower 
extremities, ION techniques to monitor sphincter function 
are of paramount importance during conus-cauda surgery. 
In the late 1970s, James et al. proposed the use of EMG 
recordings from needle or plug electrodes inserted in the 
anal sphincter to identify and preserve sacral pudendal 
nerve roots [80]. They assumed that the activity of the anal 
sphincter could be extrapolated to that of the external ure-
thral sphincter, both being striated muscles innervated by 
the pudendal nerves. Four years later, as an alternative to 
EMG, Pang and Casey proposed the use of an anal sphincter 
pressure monitor as a noninvasive method of monitoring the 
external anal sphincter “squeeze pressure” by means of a 
polyethylene anal balloon connected to a pressure transducer 
[81]. They observed that unilateral stimulation of the S-2, 

Fig. 4  Timeline of ION development in tethered cord surgery
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S-3, and S-4 roots generated tall pressure spikes between 
40 and 75 torr in peak amplitudes, unlikely from the L5 and 
S1 roots, and found it a reliable technique to map rootlets 
innervating the anal sphincter. They preferred this technique 
“because of its simplicity, the inexpensive equipment, and 
its noise-free display that is virtually unaffected by other 
electronic systems in the operating room.”

Both in tethered cord surgery and in selective dorsal rhi-
zotomy (SDR) for spasticity, the identification of puden-
dal afferents from the dorsal penile and clitoral nerves is 
important to avoid disorders of micturition. A technique to 
selectively identify these pudendal nerves was developed 
by Deletis et al. in 1992 [82]. They studied 31 children and 
one adult who underwent surgery in the cauda equina and 
recorded pudendal afferents directly from the exposed S1-S3 
sacral roots. Interestingly, the distribution of pudendal affer-
ents varied across different patients but was concentrated on 
S2 and S3, with S1 never being the main carrier. Also, not 
in every child the S2 rootlet was carrying substantial affer-
ent activity, which introduced the possibility to extend SDR 
to S2 in selected cases, without the risk of postoperative 
incontinence. This preliminary experience was corroborated 
by a much larger study, from the same authors, in 1997 when 
they reported no long-term bowel or bladder disturbances in 
105 out of 114 undergoing SDR, where pudendal afferent 
mapping was successfully used [83].

Similarly to other fields in ION, the different implica-
tions of mapping and monitoring techniques are relevant 
also during surgery in the conus-cauda region. Mapping 
techniques allow the functional identification of anatomi-
cally ambiguous neural structures. This can be invaluable 
whenever anatomy does not suffice to provide functional 
information, for example discriminating between functional 
and non-functional rootlets encased in a lumbosacral lipoma 
or between a real rootlet and a non-functional fibrous band. 
Maybe the most dramatic example of the value of ION as 
a mapping technique in tethered cord surgery is that of 
the retained medullary cord, where only neurophysiologi-
cal mapping allows to discriminate between the functional 
conus and sacral roots versus the retained medullary cord, 
which has lost its function [84, 85].

Yet, mapping techniques do not provide any informa-
tion on the functional integrity of neural pathways between 
two consecutive mappings, and monitoring techniques 
should be used.

In this perspective, while mapping techniques for affer-
ent and efferent pudendal nerves were available from the 
late 1970s and further developed in the 1990s, a monitor-
ing technique for these nerves was not available until the 
mid-1990s.

In 1997, Deletis and Vodusek demonstrated for the 
first time the feasibility of recording the bulbocavernosus 
reflex intraoperatively, under general anesthesia [86]. The 

technique was further refined by Rodi and Vodusek in 2001 
and rapidly became very popular within the ION community 
[87]. This reflex allows us to monitor the integrity of the S2 
to S4 motor and sensory roots, as well as the S2 to S4 spinal 
cord segment. The BCR is extremely sensitive to anesthe-
sia and becomes unstable due to manipulation at various 
points along its pathway, sometimes without a clear clini-
cal correlate [88, 89]. Therefore, it is sometimes difficult to 
correlate intraoperative BCR results with the post-operative 
functional outcome. While preservation of the BCR is pre-
dictive of good post-operative urinary function, the complete 
loss is usually indicative of at least transient urinary reten-
tion (rarely incontinence), which mostly, but not necessarily, 
resolves with time. Yet, amplitude warning criteria for the 
BCR are still debated. Recently, Morota proposed a reduc-
tion of > 75% from baseline amplitude as a criterion to alert 
the surgeon to modify the procedure for preserving urinary 
function [90]. Overall, interpretation of BCR monitoring 
remains challenging because bladder contraction is con-
trolled by parasympathetic fibers and not by the pudendal 
nerve. These fibers control urethral detrusor contraction and 
relaxation of the internal urethral sphincter, thus permitting 
the bladder to void. Therefore, separate monitoring of the 
detrusor muscle would be more reliable to detect impair-
ment of bladder control. The detrusor muscle integrity can 
be evaluated by changes in urinary bladder pressure meas-
ured with a manometer connected to a Foley catheter [91]. 
With these limitations in mind, BCR monitoring remains a 
valuable technique and Morota reported no urological com-
plications in 118 patients where BCR amplitude at the end of 
surgery diminished less than 50% of baseline amplitude [90].

In tethered cord surgery, one of the most debated topics 
over the past two decades remains the surgical indications 
for asymptomatic lumbosacral lipomas. Traditionally, much 
of the debate has focused on the comparisons between the 
Necker study on the natural history of conus lipomas [92] 
treated conservatively versus Pang’s series where gross total 
resection of the lipomas was achieved [93]. What surprises 
us is that very rarely the role played by ION was taken into 
consideration when discussing the results of these studies. In 
fact, ION was systematically used in Pang’s series and never 
used in the French study, which could be per se a variable 
explaining the attempt of near-total resection proposed by 
Pang and the more conservative attitude in the lack of any 
neurophysiological guidance.

Future perspectives and conclusions

If we look 20 years back and consider the review we pub-
lished in 2002 on the “Why, when and how” to perform ION 
in Pediatric Neurosurgery [19], we can conclude that the vast 
majority of the ION techniques used at the beginning of this 
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century are still valid nowadays. The main difference is that 
today, most of these techniques have been consolidated on a 
much larger series of patients and are now of common use in 
most pediatric neurosurgical centers and not limited to a few 
institutions, as it was at the end of the 1990s and early 2000s.

When dealing with the pediatric population, one should 
always consider that the maturation of the nervous system is 
still in progress, and, particularly for motor pathways, there is a 
continuum of maturation throughout adolescence. This requires 
special adjustments of the ION techniques used in adults [94].

Looking at the future, two main fields of research may 
open new perspectives in pediatric neurosurgery. One is the 
recording of cortico-cortical evoked potentials (CCEPs). 
These have been increasingly investigated in the past few 
years, mainly from a methodological and feasibility stand-
point and in adult patients. The principle of CCEPs is to 
monitor direct connectivity between two separate areas of 
the cortex. The best example is the monitoring of the arcuate 
fascicle by stimulating from the frontal lobe and recording 
from the temporal cortex and vice versa. This was originally 
investigated by Matsumoto et al. in 2004 in the awake set-
ting, studying eight patients who underwent chronic sub-
dural electrode placement for the presurgical evaluation of 
medically intractable partial epilepsy [95]. More recently, 
a similar approach has been proposed intraoperatively in 
the asleep setting, by different groups [96–98]. As much 
as these results are still very preliminary, the possibility to 
assess intraoperatively the functional integrity of the arcu-
ate fascicles and, therefore, monitor and possibly preserve 
this important pathway in language production has obvious 
implications in pediatric neurosurgery where awake crani-
otomy is rarely feasible.

The other fascinating field is the intraoperative neurophysi-
ology of the cerebellum, which has been ignored for many years 
by both neurophysiologists and neurosurgeons [99]. A few, still 
very preliminary and anecdotal reports have been published 
with regard to the sensorimotor function of the cerebellum [100, 
101]. Also, a method to possibly monitor the so-called dentate-
thalamic-cortical pathway involved in the pathophysiology of  
cerebellar mutism is currently under investigation [102].

These techniques need further methodological fine-tuning 
and reproducibility and, above all, will need validation in 
clinical studies comparing the intraoperative neurophysi-
ological data with the clinical outcome. Nevertheless, these 
still represent novel, fascinating techniques to explore con-
nectivity within the central nervous system and have poten-
tial applications in pediatric neurosurgery.

ION has evolved dramatically over the past 50 years. The 
golden age of ION took place during the 1990s when we 
witnessed the highest development of novel techniques to 
map and monitor the central and peripheral nervous sys-
tem. Pediatric neurosurgeons have played a major role in this 
endeavor contributing to the development of many of these 

techniques. The field of ION is, yet, still in evolution, and 
new techniques are currently being investigated, hopefully 
offering new opportunities to increase the safety of pediatric 
neurosurgical procedures.

Acknowledgements This paper is dedicated to Dr. Vedran Deletis, 
mentor and friend, whose contribution to Intraoperative Neurophysi-
ology will remain unsurpassed for many years to come.

Funding Open access funding provided by Università degli Studi di 
Verona within the CRUI-CARE Agreement.

Declarations 

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

 1. Nash C, Brodkey J, Croft T (1972) A model for electrical moni-
toring of spinal cord function in scoliosis patients undergoing 
correction. J Bone Joint Surg Am 54:197–198

 2. Møller AR, Jannetta P, Bennett M, Møller MB (1981) Intracra-
nially recorded responses from the human auditory nerve: new 
insights into the origin of brain stem evoked potentials (BSEPs). 
Electroencephalogr Clin Neurophysiol 52(1):18–27. https:// doi. 
org/ 10. 1016/ 0013- 4694(81) 90184-X

 3. Bartholow R (1874) Experimental investigations into the func-
tion of the human brain. Am J Med Sci

 4. Penfield W, Boldrey E (1937) Somatic motor and sensory rep-
resentation in the cerebral cortex of man as studied by electrical 
stimulation. Brain 60(4):389–443. https:// doi. org/ 10. 1093/ brain/ 
60.4. 389

 5. Ojemann GA (1979) Individual variability in cortical localization 
of language. J Neurosurg 50(2):164–169. https:// doi. org/ 10. 3171/ 
jns. 1979. 50.2. 0164

 6. Ojemann G, Ojemann J, Lettich E, Berger M (1989) Cortical 
language localization in left, dominant hemisphere: an electrical 
stimulation mapping investigation in 117 patients. J Neurosurg 
71(3):316–326. https:// doi. org/ 10. 3171/ jns. 1989. 71.3. 0316

 7. Duffau H (2021) Brain connectomics applied to oncological 
neuroscience: from a traditional surgical strategy focusing on 
glioma topography to a meta-network approach. Acta Neurochir 
163(4):905–917. https:// doi. org/ 10. 1007/ s00701- 021- 04752-z

 8. Penfield W (1954) Combined regional and general anesthesia for 
craniotomy and cortical exploration. I. Neurosurgical considera-
tions. Curr Res Anesth Analg 33(3):145–155

 9. Berger MS, Kincaid J, Ojemann GA, Lettich E (1989) Brain 
mapping techniques to maximize resection, safety, and seizure 
control in children with brain tumors. Neurosurgery 25:786–792. 
https:// doi. org/ 10. 1097/ 00006 123- 19891 1000- 00015

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/0013-4694(81)90184-X
https://doi.org/10.1016/0013-4694(81)90184-X
https://doi.org/10.1093/brain/60.4.389
https://doi.org/10.1093/brain/60.4.389
https://doi.org/10.3171/jns.1979.50.2.0164
https://doi.org/10.3171/jns.1979.50.2.0164
https://doi.org/10.3171/jns.1989.71.3.0316
https://doi.org/10.1007/s00701-021-04752-z
https://doi.org/10.1097/00006123-198911000-00015


2939Child's Nervous System (2023) 39:2929–2941 

1 3

 10. Bello L, Riva M, Fava E, Ferpozzi V, Castellano A, Raneri F, 
Pessina F, Bizzi A, Falini A, Cerri G (2014) Tailoring neuro-
physiological strategies with clinical context enhances resection 
and safety and expands indications in gliomas involving motor 
pathways. Neuro Oncol 16(8):1110–1128. https:// doi. org/ 10. 
1093/ neuonc/ not327

 11. Cedzich C, Taniguchi M, Schäfer S, Schramm J (1996) Soma-
tosensory evoked potential phase reversal and direct motor cor-
tex stimulation during surgery in and around the central region. 
Neurosurgery 38(5):962–970. https:// doi. org/ 10. 1097/ 00006 123- 
19960 5000- 00023

 12. Wood CC, Spencer DD, Allison T, McCarthy G, Williamson 
PD, Goff WR (1988) Localization of human sensorimotor cortex 
during surgery by cortical surface recording of somatosensory 
evoked potentials. J Neurosurg 68(1):99–111. https:// doi. org/ 10. 
3171/ jns. 1988. 68.1. 0099

 13. Berger MS, Ojemann GA, Lettich E (1990) Neurophysiological 
monitoring during astrocytoma surgery. Neurosurg Clin N Am 
1(1):65–80

 14. Nespeca M, Wyllie E, Luders H et al (1990) EEG recording and 
functional localization studies with subdural electrodes in infants 
and young children. J Epilepsy 3:107–124

 15. Duchowny M, Jayakar P (1993) Functional cortical mapping in 
children. Adv Neurol 63:149–154

 16. Chitoku S, Otsubo H, Harada Y, Jay V, Rutka JT, Weiss SK, 
Abdoll M, Snead OC (2001) Extraoperative cortical stimulation 
of motor function in children. Pediatr Neurol 24(5):344–350. 
https:// doi. org/ 10. 1016/ S0887- 8994(01) 00264-8

 17. Signorelli F, Guyotat J, Mottolese C, Schneider F, D’Acunzi G, 
Isnard J (2004) Intraoperative electrical stimulation mapping as 
an aid for surgery of intracranial lesions involving motor areas 
in children. Childs Nerv Syst 20(6):420–426. https:// doi. org/ 10. 
1007/ s00381- 004- 0961-z

 18. Taniguchi M, Cedzich C, Taniguchi M, Cedzich C, Schramm 
J (1993) Modification of cortical stimulation for motor evoked 
potentials under general anesthesia. Neurosurgery 32(2):219–
226. https:// doi. org/ 10. 1227/ 00006 123- 19930 2000- 00011

 19. Sala F, Kržan MJ, Deletis V (2002) Intraoperative neurophysi-
ological monitoring in pediatric neurosurgery: why, when, how? 
Childs Nerv Syst 18(6–7):264–287. https:// doi. org/ 10. 1007/ 
s00381- 002- 0582-3

 20. Gallentine WB, Mikati MA (2009) Intraoperative electrocorticog-
raphy and cortical stimulation in children. J Clin Neurophysiol 
26(2):95–108. https:// doi. org/ 10. 1097/ WNP. 0b013 e3181 a0339d

 21. Neuloh G, Pechstein U, Cedzich C, Schramm J (2004) Motor 
evoked potential monitoring with supratentorial surgery. Neu-
rosurgery 54(5):1061–1072. https:// doi. org/ 10. 1227/ 01. NEU. 
00001 19326. 15032. 00

 22. Zhou HH, Kelly PJ (2001) Transcranial electrical motor evoked 
potential monitoring for brain tumor resection. Neurosurgery 
48(5):1075–1081. https:// doi. org/ 10. 1097/ 00006 123- 20010 5000-  
00021

 23. Korn A, Constantini S (2010) Intraoperative neurophysiologi-
cal monitoring and mapping in pediatric supratentorial sur-
gery. Childs Nerv Syst 26:545–592. https:// doi. org/ 10. 1007/ 
s00381- 010- 1089-y

 24. Roth J, Korn A, Sala F, Benvenisti H, Jubran M, Bitan-Talmor 
Y, Ekstein M, Constantini S (2020) Intraoperative neurophysi-
ology in pediatric supratentorial surgery: experience with 57 
cases. Childs Nerv Syst 36(2):315–324. https:// doi. org/ 10. 1007/ 
s00381- 019- 04356-0

 25. Ng WH, Mukhida K, Rutka JT (2010) Image guidance and neu-
romonitoring in neurosurgery. Childs Nerv Syst 26(4):491–502. 
https:// doi. org/ 10. 1007/ s00381- 010- 1083-4

 26. Ng WH, Ochi A, Rutka JT, Strantzas S, Holmes L, Otsubo H 
(2010) Stimulation threshold potentials of intraoperative cortical 

motor mapping using monopolar trains of five in pediatric epi-
lepsy surgery. Childs Nerv Syst 26(5):675–679. https:// doi. org/ 
10. 1007/ s00381- 009- 0996-2

 27. Pasquet A (1954) Combined regional and general anesthesia 
for craniotomy and cortical exploration. II. Anesthetic consid-
erations. Curr Res Anesth Analg 33(3):156–164

 28. Ratha V, Sampath N, Subramaniam S, Kumar VRR (2021) 
Technical considerations in awake craniotomy with cortical 
and subcortical motor mapping in preadolescents: pushing the 
envelope. Pediatr Neurosurg 56(2):171–178. https:// doi. org/ 
10. 1159/ 00051 3004

 29. Alcaraz García-Tejedor G, Echániz G, Strantzas S, Jalloh I, 
Rutka J, Drake J, Der T (2020) Feasibility of awake craniotomy 
in the pediatric population. Pediatr Anesth 30(4):480–489. 
https:// doi. org/ 10. 1111/ pan. 13833

 30. Ojemann SG, Berger MS, Lettich E, Ojemann GA (2003) 
Localization of language function in children: results of elec-
trical stimulation mapping. J Neurosurg 98(3):465–470. https:// 
doi. org/ 10. 3171/ jns. 2003. 98.3. 0465

 31. Delion M, Terminassian A, Lehousse T, Aubin G, Malka J, 
N’Guyen S, Mercier P, Menei P (2015) Specificities of awake 
craniotomy and brain mapping in children for resection of 
supratentorial tumors in the language area. World Neurosurg 
84(6):1645–1652. https:// doi. org/ 10. 1016/j. wneu. 2015. 06. 073

 32. Riquin E, Dinomais M, Malka J, Lehousse T, Duverger P, 
Menei P, Delion M (2017) Psychiatric and psychologic impact 
of surgery while awake in children for resection of brain 
tumors. World Neurosurg 102:400–405. https:// doi. org/ 10. 
1016/j. wneu. 2017. 03. 017

 33. Matson DD (1969) Tumors of the posterior fossa. Neurosur-
gery of infancy and childhood, vol 228. Charles C. Thomas, pp 
469–477. http:// conte nt. wkhea lth. com/ linkb ack/ openu rl? sid= 
WKPTLP: landi ngpag e& an= 00000 441- 19540 8000- 00038

 34. Procaccio F, Gambin R, Gottin L, Bricolo A (2000) Complica-
tions of brain stem surgery: prevention and treatment. Oper Tech 
Neurosurg 3(2):155–157. https:// doi. org/ 10. 1053/ oy. 2000. 6568

 35. Barkovich AJ, Krischer J, Kun LE, Packer R, Zimmerman RA, 
Freeman CR, Wara WM, Albright L, Allen JC, Hoffman WTSO 
(1990) Brain stem gliomas: a classification system based on mag-
netic resonance imaging. Pediatr Neurosurg 16(2):73–83. https:// 
doi. org/ 10. 1159/ 00012 0511

 36. Choux M, Lena G, Do L (2000) Brain stem tumors. Pediatric 
neurosurgery. Churchill Livingstone, New York, pp 471–491

 37. Epstein F, McCleary EL (1986) Intrinsic brain-stem tumors of 
childhood: surgical indications. J Neurosurg 64(1):11–15. https:// 
doi. org/ 10. 3171/ jns. 1986. 64.1. 0011

 38. Epstein F, Wisoff JH (1988) Intrinsic brainstem tumors in child-
hood: surgical indications. J Neuro Oncol 6(4):309–317. https:// 
doi. org/ 10. 1007/ BF001 77425 (PMID: 3221258)

 39. Hoffman HJ (1987) Benign brainstem gliomas in children. In: 
Kageyama N, Takakura K, Epstein FJ, Hoffman HJ, Schut L 
(eds) Progress in tumor research, vol 30. S. Karger AG, pp 154–
159. https:// doi. org/ 10. 1159/ 00041 3672

 40. Hoffman HJ, Becker L, Craven MA (1980) A clinically and 
pathologically distinct group of benign brain stem gliomas. 
Neurosurgery 7(3):243–248. https:// doi. org/ 10. 1227/ 00006 123- 
19800 9000- 00007

 41. Bricolo A, Turazzi S (1995) Surgery for gliomas and other mass 
lesions of the brainstem. In: Symon L, Calliauw L, Cohadon 
F, Dolenc VV, Antunes JL, Nornes H, Pickard JD, Reulen H-J, 
Strong AJ, De Tribolet N (eds) Advances and technical standards 
in neurosurgery, vol 22. Springer, Vienna, pp 261–341. https:// 
doi. org/ 10. 1007/ 978-3- 7091- 6898-1_5

 42. Kyoshima K, Kobayashi S, Gibo H, Kuroyanagi T (1993) A 
study of safe entry zones via the floor of the fourth ventricle for 

https://doi.org/10.1093/neuonc/not327
https://doi.org/10.1093/neuonc/not327
https://doi.org/10.1097/00006123-199605000-00023
https://doi.org/10.1097/00006123-199605000-00023
https://doi.org/10.3171/jns.1988.68.1.0099
https://doi.org/10.3171/jns.1988.68.1.0099
https://doi.org/10.1016/S0887-8994(01)00264-8
https://doi.org/10.1007/s00381-004-0961-z
https://doi.org/10.1007/s00381-004-0961-z
https://doi.org/10.1227/00006123-199302000-00011
https://doi.org/10.1007/s00381-002-0582-3
https://doi.org/10.1007/s00381-002-0582-3
https://doi.org/10.1097/WNP.0b013e3181a0339d
https://doi.org/10.1227/01.NEU.0000119326.15032.00
https://doi.org/10.1227/01.NEU.0000119326.15032.00
https://doi.org/10.1097/00006123-200105000-00021
https://doi.org/10.1097/00006123-200105000-00021
https://doi.org/10.1007/s00381-010-1089-y
https://doi.org/10.1007/s00381-010-1089-y
https://doi.org/10.1007/s00381-019-04356-0
https://doi.org/10.1007/s00381-019-04356-0
https://doi.org/10.1007/s00381-010-1083-4
https://doi.org/10.1007/s00381-009-0996-2
https://doi.org/10.1007/s00381-009-0996-2
https://doi.org/10.1159/000513004
https://doi.org/10.1159/000513004
https://doi.org/10.1111/pan.13833
https://doi.org/10.3171/jns.2003.98.3.0465
https://doi.org/10.3171/jns.2003.98.3.0465
https://doi.org/10.1016/j.wneu.2015.06.073
https://doi.org/10.1016/j.wneu.2017.03.017
https://doi.org/10.1016/j.wneu.2017.03.017
http://content.wkhealth.com/linkback/openurl?sid=WKPTLP:landingpage&an=00000441-195408000-00038
http://content.wkhealth.com/linkback/openurl?sid=WKPTLP:landingpage&an=00000441-195408000-00038
https://doi.org/10.1053/oy.2000.6568
https://doi.org/10.1159/000120511
https://doi.org/10.1159/000120511
https://doi.org/10.3171/jns.1986.64.1.0011
https://doi.org/10.3171/jns.1986.64.1.0011
https://doi.org/10.1007/BF00177425
https://doi.org/10.1007/BF00177425
https://doi.org/10.1159/000413672
https://doi.org/10.1227/00006123-198009000-00007
https://doi.org/10.1227/00006123-198009000-00007
https://doi.org/10.1007/978-3-7091-6898-1_5
https://doi.org/10.1007/978-3-7091-6898-1_5


2940 Child's Nervous System (2023) 39:2929–2941

1 3

brain-stem lesions: report of three cases. J Neurosurg 78(6):987–
993. https:// doi. org/ 10. 3171/ jns. 1993. 78.6. 0987

 43. Lang J, Ohmachi N, Sen JL (1991) Anatomical landmarks of 
the rhomboid fossa (floor of the 4th ventricle), its length and its 
width. Acta Neurochir 113(1–2):84–90. https:// doi. org/ 10. 1007/ 
BF014 02120

 44. Strauss C, Lütjen-Drecoll E, Fahlbusch R (1997) Pericollicular 
surgical approaches to the rhomboid fossa. Part I. Anatomical 
basis. J Neurosurg 87(6):893–899. https:// doi. org/ 10. 3171/ jns. 
1997. 87.6. 0893

 45. Strauss C, Romstöck J, Fahlbusch R (1999) Pericollicular 
approaches to the rhomboid fossa. Part II. Neurophysiological 
basis. J Neurosurg 91(5):768–775. https:// doi. org/ 10. 3171/ jns. 
1999. 91.5. 0768

 46. Strauss C, Romstöck J, Nimsky C, Fahlbusch R (1993) Intraop-
erative identification of motor areas of the rhomboid fossa using 
direct stimulation. J Neurosurg 79(3):393–399. https:// doi. org/ 
10. 3171/ jns. 1993. 79.3. 0393

 47. Morota N, Deletis V, Epstein FJ, Kofler M, Abbott R, Lee M, Rus-
kin K (1995) Brain stem mapping. Neurosurgery 37(5):922–930. 
https:// doi. org/ 10. 1227/ 00006 123- 19951 1000- 00011

 48. Morota N, Deletis V, Lee M, Epstein FJ (1996) Functional ana-
tomic relationship between brain stem tumors and cranial motor 
nuclei. Neurosurgery 39(4):787–793. https:// doi. org/ 10. 1097/ 
00006 123- 19961 0000- 00028

 49. Moon RDC, Walsh P, Singleton WGB, Upex A, Edwards RJ, 
Carter MR, Fellows GA (2022) Intra-operative neurophysiologi-
cal mapping to identify distorted functional anatomy of the 4th 
ventricle in a 5-month-old infant. Childs Nerv Syst 38(7):1371–
1375. https:// doi. org/ 10. 1007/ s00381- 021- 05356-9

 50. Fahlbusch R, Strauss C (1991) Surgical significance of cavernous 
hemangioma of the brain stem. Zentralbl Neurochir 52(1):25–32

 51. Deletis V, Fernández-Conejero I, Ulkatan S, Rogić M, Carbó 
EL, Hiltzik D (2011) Methodology for intra-operative recording 
of the corticobulbar motor evoked potentials from cricothyroid 
muscles. Clin Neurophysiol 122(9):1883–1889. https:// doi. org/ 
10. 1016/j. clinph. 2011. 02. 018

 52. Dong CCJ, MacDonald DB, Akagami R, Westerberg B, AlKhani 
A, Kanaan I, Hassounah M (2005) Intraoperative facial motor 
evoked potential monitoring with transcranial electrical stimula-
tion during skull base surgery. Clin Neurophysiol 116(3):588–
596. https:// doi. org/ 10. 1016/j. clinph. 2004. 09. 013

 53. Fernández-Conejero I, Ulkatan S, Sen C, Miró Lladó J, Deletis 
V (2022) Intraoperative monitoring of facial corticobulbar motor 
evoked potentials: methodological improvement and analysis of 
100 patients. Clin Neurophysiol 142:228–235. https:// doi. org/ 10. 
1016/j. clinph. 2022. 08. 006

 54. Ito E, Ichikawa M, Itakura T, Ando H, Matsumoto Y, Oda K, Sato 
T, Watanabe T, Sakuma J, Saito K (2013) Motor evoked potential 
monitoring of the vagus nerve with transcranial electrical stimu-
lation during skull base surgeries: clinical article. J Neurosurg 
118(1):195–201. https:// doi. org/ 10. 3171/ 2012. 10. JNS12 383

 55. Sala F, Manganotti P, Tramontano V, Bricolo A, Gerosa M 
(2007) Monitoring of motor pathways during brain stem surgery: 
what we have achieved and what we still miss? Neurophysiol 
Clin 37(6):399–406

 56. Sinclair CF, Téllez MJ, Tapia OR, Ulkatan S, Deletis V (2017) 
A novel methodology for assessing laryngeal and vagus nerve 
integrity in patients under general anesthesia. Clin Neurophysiol 
128(7):1399–1405. https:// doi. org/ 10. 1016/j. clinph. 2017. 03. 002

 57. Téllez MJ, Mirallave-Pescador A, Seidel K, Urriza J, Shoakazemi 
A, Raabe A, Ghatan S, Deletis V, Ulkatan S (2021) Neurophysi-
ological monitoring of the laryngeal adductor reflex during cer-
ebellar-pontine angle and brainstem surgery. Clin Neurophysiol 
132(2):622–631. https:// doi. org/ 10. 1016/j. clinph. 2020. 10. 021

 58. Brotchi J (1986) Neurosurgical treatment of tumors of the spinal 
cord. Bulletin Et Memoires De l’Academie Royale De Medecine 
De Belgique 141(8–10):488–495

 59. Brotchi J, Dewitte O, Levivier M, Balériaux D, Vandesteene A, 
Raftopoulos C, Flament-Durand J, Noterman J (1991) A sur-
vey of 65 tumors within the spinal cord: surgical results and the 
importance of preoperative magnetic resonance imaging. Neu-
rosurgery 29(5):651–656 (discussion 656–657)

 60. Fischer G, Brotchi J (1994) Intramedullary spinal cord tumors. 
Report. French Society of Neurosurgery. 45th annual congress. 
Angers, June 12–15 1994. Neuro-Chirurgie 40(Suppl 1):1–108

 61. McCormick PC, Torres R, Post KD, Stein BM (1990) Intramed-
ullary ependymoma of the spinal cord. J Neurosurg 72(4):523–
532. https:// doi. org/ 10. 3171/ jns. 1990. 72.4. 0523

 62. Epstein F, Epstein N (1981) Surgical management of holocord 
intramedullary spinal cord astrocytomas in children: report of 
three cases. J Neurosurg 54(6):829–832. https:// doi. org/ 10. 3171/ 
jns. 1981. 54.6. 0829

 63. Epstein F, Epstein N (1982) Surgical treatment of spinal cord 
astrocytomas of childhood: a series of 19 patients. J Neurosurg 
57(5):685–689. https:// doi. org/ 10. 3171/ jns. 1982. 57.5. 0685

 64. Morota N, Deletis V, Constantini S, Kofler M, Cohen H, Epstein 
FJ (1997) The role of motor evoked potentials during surgery for 
intramedullary spinal cord tumors. Neurosurgery 41(6):1327–
1336. https:// doi. org/ 10. 1097/ 00006 123- 19971 2000- 00017

 65. Scibilia A, Terranova C, Rizzo V, Raffa G, Morelli A, Esposito 
F, Mallamace R, Buda G, Conti A, Quartarone A, Germanò A 
(2016) Intraoperative neurophysiological mapping and monitoring 
in spinal tumor surgery: sirens or indispensable tools? Neurosurg 
Focus 41(2):E18. https:// doi. org/ 10. 3171/ 2016.5. FOCUS 16141

 66. Costa P, Peretta P, Faccani G (2013) Relevance of intraoper-
ative D wave in spine and spinal cord surgeries. Eur Spine J 
22(4):840–848. https:// doi. org/ 10. 1007/ s00586- 012- 2576-5

 67. Kothbauer KF, Deletis V, Epstein FJ (1998) Motor-evoked poten-
tial monitoring for intramedullary spinal cord tumor surgery: 
correlation of clinical and neurophysiological data in a series of 
100 consecutive procedures. Neurosurg Focus 4(5):E3. https:// 
doi. org/ 10. 3171/ foc. 1998.4. 5.4

 68. Sala F, Palandri G, Basso E, Lanteri P, Deletis V, Faccioli F, 
Bricolo A (2006) Motor evoked potential monitoring improves 
outcome after surgery for intramedullary spinal cord tumors: a 
historical control study. Neurosurgery 58(6):1129–1143. https:// 
doi. org/ 10. 1227/ 01. NEU. 00002 15948. 97195. 58

 69. Skrap B, Tramontano V, Faccioli F, Meglio M, Pinna G, Sala 
F (2021) Surgery for intramedullary spinal cord ependymomas 
in the neuromonitoring era: results from a consecutive series of 
100 patients. J Neurosurg Spine 36(5):858–868. https:// doi. org/ 
10. 3171/ 2021.7. SPINE 21148

 70. Kothbauer K, Deletis V, Epstein FJ (1997) Intraoperative spinal cord 
monitoring for intramedullary surgery: an essential adjunct. Pediatr 
Neurosurg 26(5):247–254. https:// doi. org/ 10. 1159/ 00012 1199

 71. Albright AL (1998) Intraoperative spinal cord monitoring for 
intramedullary surgery: an essential adjunct? Pediatr Neurosurg 
29(2):112–112. https:// doi. org/ 10. 1159/ 00002 8701

 72. Zuccaro M, Zuccaro J, Samdani AF, Pahys JM, Hwang SW 
(2017) Intraoperative neuromonitoring alerts in a pediatric 
deformity center. Neurosurg Focus 43(4):E8

 73. Jea A (2017) Intraoperative neuromonitoring: gold standard or 
fool’s gold? Neurosurg Focus 43(4):E9

 74. Daniel JW, Botelho RV, Milano JB, Dantas FR, Onishi FJ, Neto 
ER, de Freitas Bertolini E, Borgheresi MA, Joaquim AF (2018) 
Intraoperative neurophysiological monitoring in spine surgery: a 
systematic review and meta-analysis. Spine 43(16):1154–1160. 
https:// doi. org/ 10. 1097/ BRS. 00000 00000 002575

https://doi.org/10.3171/jns.1993.78.6.0987
https://doi.org/10.1007/BF01402120
https://doi.org/10.1007/BF01402120
https://doi.org/10.3171/jns.1997.87.6.0893
https://doi.org/10.3171/jns.1997.87.6.0893
https://doi.org/10.3171/jns.1999.91.5.0768
https://doi.org/10.3171/jns.1999.91.5.0768
https://doi.org/10.3171/jns.1993.79.3.0393
https://doi.org/10.3171/jns.1993.79.3.0393
https://doi.org/10.1227/00006123-199511000-00011
https://doi.org/10.1097/00006123-199610000-00028
https://doi.org/10.1097/00006123-199610000-00028
https://doi.org/10.1007/s00381-021-05356-9
https://doi.org/10.1016/j.clinph.2011.02.018
https://doi.org/10.1016/j.clinph.2011.02.018
https://doi.org/10.1016/j.clinph.2004.09.013
https://doi.org/10.1016/j.clinph.2022.08.006
https://doi.org/10.1016/j.clinph.2022.08.006
https://doi.org/10.3171/2012.10.JNS12383
https://doi.org/10.1016/j.clinph.2017.03.002
https://doi.org/10.1016/j.clinph.2020.10.021
https://doi.org/10.3171/jns.1990.72.4.0523
https://doi.org/10.3171/jns.1981.54.6.0829
https://doi.org/10.3171/jns.1981.54.6.0829
https://doi.org/10.3171/jns.1982.57.5.0685
https://doi.org/10.1097/00006123-199712000-00017
https://doi.org/10.3171/2016.5.FOCUS16141
https://doi.org/10.1007/s00586-012-2576-5
https://doi.org/10.3171/foc.1998.4.5.4
https://doi.org/10.3171/foc.1998.4.5.4
https://doi.org/10.1227/01.NEU.0000215948.97195.58
https://doi.org/10.1227/01.NEU.0000215948.97195.58
https://doi.org/10.3171/2021.7.SPINE21148
https://doi.org/10.3171/2021.7.SPINE21148
https://doi.org/10.1159/000121199
https://doi.org/10.1159/000028701
https://doi.org/10.1097/BRS.0000000000002575


2941Child's Nervous System (2023) 39:2929–2941 

1 3

 75. Szelényi A, Bueno De Camargo A, Deletis V (2003) Neurophysiologi-
cal evaluation of the corticospinal tract by D-wave recordings in 
young children. Childs Nerv Syst 19(1):30–34. https:// doi. org/ 10. 
1007/ s00381- 002- 0691-z

 76. Antkowiak L, Putz M, Sordyl R, Pokora S, Mandera M (2022) 
Relevance of intraoperative motor evoked potentials and D-wave 
monitoring for the resection of intramedullary spinal cord tumors 
in children. Neurosurg Rev 45(4):2723–2731. https:// doi. org/ 10. 
1007/ s10143- 022- 01788-2

 77. Kothbauer K, Schmid UD, Seiler RW, Eisner W (1994) Intra-
operative motor and sensory monitoring of the cauda equina. 
Neurosurgery 34(4):702–707. https:// doi. org/ 10. 1227/ 00006 123- 
19940 4000- 00020

 78. Legatt AD, Schroeder CE, Gill B, Goodrich JT (1992) Electrical 
stimulation and multichannel EMG recording for identification 
of functional neural tissue during cauda equina surgery. Childs 
Nerv Syst 8(4):185–189. https:// doi. org/ 10. 1007/ BF002 62842

 79. Kothbauer KF, Novak K (2004) Intraoperative monitoring for 
tethered cord surgery: an update. Neurosurg Focus 16(2):E8. 
https:// doi. org/ 10. 3171/ foc. 2004. 16.2.1

 80. James HE, Mulcahy JJ, Walsh JW, Kaplan GW (1979) Use of 
anal sphincter electromyography during operations on the conus 
medullaris and sacral nerve roots. Neurosurgery 4(6):521–523. 
https:// doi. org/ 10. 1227/ 00006 123- 19790 6000- 00005

 81. Pang D, Casey K (1983) Use of an anal sphincter pressure monitor 
during operations on the sacral spinal cord and nerve roots. Neuro-
surgery 13(5):562–568. https:// doi. org/ 10. 1227/ 00006 123- 19831 
1000- 00013

 82. Deletis V, Vodusek DB, Abbott R, Epstein FJ, Turndorf H (1992) 
Intraoperative monitoring of the dorsal sacral roots. Neurosurgery 
30(1):72–75. https:// doi. org/ 10. 1227/ 00006 123- 19920 1000- 00013

 83. Huang JC, Deletis V, Vodusek DB, Abbott R (1997) Preser-
vation of pudendal afferents in sacral rhizotomies. Neuro-
surgery 41(2):411–415. https:// doi. org/ 10. 1097/ 00006 123- 
19970 8000- 00015

 84. Pang D, Zovickian J, Moes GS (2011) Retained medullary 
cord in humans: late arrest of secondary neurulation. Neu-
rosurgery 68(6):1500–1519. https:// doi. org/ 10. 1227/ NEU. 
0b013 e3182 0ee282

 85. Sala F, Barone G, Tramontano V, Gallo P, Ghimenton C (2014) 
Retained medullary cord confirmed by intraoperative neurophysi-
ological mapping. Childs Nerv Syst 30(7):1287–1291. https:// doi. 
org/ 10. 1007/ s00381- 014- 2372-0

 86. Deletis V, Vodusek DB (1997) Intraoperative recording of the 
bulbocavernosus reflex: Neurosurgery 40(1):88–93. https:// doi. 
org/ 10. 1097/ 00006 123- 19970 1000- 00019

 87. Rodi Z, Vodušek DB (2001) Intraoperative monitoring of the bul-
bocavernosus reflex: the method and its problems. Clin Neuro-
physiol 112(5):879–883. https:// doi. org/ 10. 1016/ S1388- 2457(01) 
00500-4

 88. Kothbauer KF, Deletis V (2010) Intraoperative neurophysiol-
ogy of the conus medullaris and cauda equina. Childs Nerv Syst 
26(2):247–253. https:// doi. org/ 10. 1007/ s00381- 009- 1020-6

 89. Sala F, Squintani G, Tramontano V, Arcaro C, Faccioli F, Mazza 
C (2013) Intraoperative neurophysiology in tethered cord surgery: 
techniques and results. Childs Nerv Syst 29(9):1611–1624. https:// 
doi. org/ 10. 1007/ s00381- 013- 2188-3

 90. Morota N (2019) Intraoperative neurophysiological monitoring of the 
bulbocavernosus reflex during surgery for conus spinal lipoma: what 
are the warning criteria? J Neurosurg Pediatr 23(5):639–647. https:// 
doi. org/ 10. 3171/ 2018. 12. PEDS1 8535

 91. Ammerman JM, Kerr PB, Jarrell ST, Caputy AJ (2007) A novel 
technique for the intraoperative monitoring of detrusor activity 
in intradural lesions of the cauda equina. Technical note Surgical 
Neurology 68(3):269–271. https:// doi. org/ 10. 1016/j. surneu. 2006. 
11. 038

 92. Kulkarni AV, Pierre-Kahn A, Zerah M (2004) Conservative man-
agement of asymptomatic spinal lipomas of the conus. Neurosur-
gery 54(4):868–875. https:// doi. org/ 10. 1227/ 01. NEU. 00001 14923. 
76542. 81

 93. Pang D, Zovickian J, Oviedo A (2010) Long-term outcome of total and 
near-total resection of spinal cord lipomas and radical reconstruction 
of the neural placode, Part II: outcome analysis and preoperative 
profiling. Neurosurgery 66(2):253–273. https:// doi. org/ 10. 1227/ 01. 
NEU. 00003 63598. 81101. 7B

 94. Sala F, Manganotti P, Grossauer S, Tramontano V, Mazza C, 
Gerosa M (2010) Intraoperative neurophysiology of the motor 
system in children: a tailored approach. Childs Nerv Syst 
26:473–490. https:// doi. org/ 10. 1007/ s00381- 009- 1081-6

 95. Matsumoto R, Nair DR, LaPresto E, Najm I, Bingaman W, 
Shibasaki H, Lüders HO (2004) Functional connectivity in the 
human language system: a cortico-cortical evoked potential 
study. Brain 127(10):2316–2330. https:// doi. org/ 10. 1093/ brain/ 
awh246

 96. Giampiccolo D, Parmigiani S, Basaldella F, Russo S, Pigorini 
A, Rosanova M, Cattaneo L, Sala F (2021) Recording cortico-
cortical evoked potentials of the human arcuate fasciculus under 
general anaesthesia. Clin Neurophysiol 132(8):1966–1973. 
https:// doi. org/ 10. 1016/j. clinph. 2021. 03. 044

 97. Titov O, Bykanov A, Pitskhelauri D, Danilov G (2022) Neu-
romonitoring of the language pathways using cortico-cortical 
evoked potentials: a systematic review and meta-analysis. 
Neurosurg Rev 45(3):1883–1894. https:// doi. org/ 10. 1007/ 
s10143- 021- 01718-8

 98. Yamao Y, Matsumoto R, Kunieda T, Nakae T, Nishida S, 
Inano R, Shibata S, Kikuchi T, Arakawa Y, Yoshida K, Ikeda 
A, Miyamoto S (2021) Effects of propofol on cortico-cortical 
evoked potentials in the dorsal language white matter path-
way. Clin Neurophysiol 132(8):1919–1926. https:// doi. org/ 10. 
1016/j. clinph. 2021. 04. 021

 99. D’Amico A, Sala F (2020) Intraoperative neurophysiology of the cer-
ebellum: a tabula rasa. Childs Nerv Syst 36(6):1181–1186. https:// 
doi. org/ 10. 1007/ s00381- 020- 04565-y

 100. Ashida R, Walsh P, Brooks JCW, Cerminara NL, Apps R, 
Edwards RJ (2022) Sensory and motor electrophysiological map-
ping of the cerebellum in humans. Sci Rep 12(1):177. https:// doi. 
org/ 10. 1038/ s41598- 021- 04220-9

 101. Mottolese C, Richard N, Harquel S, Szathmari A, Sirigu A, Des-
murget M (2013) Mapping motor representations in the human 
cerebellum. Brain 136(1):330–342. https:// doi. org/ 10. 1093/ brain/ 
aws186

 102. Giampiccolo D, Basaldella F, Badari A, Squintani GM, Cattaneo 
L, Sala F (2021) Feasibility of cerebello-cortical stimulation for 
intraoperative neurophysiological monitoring of cerebellar mut-
ism. Childs Nerv Syst 37(5):1505–1514. https:// doi. org/ 10. 1007/ 
s00381- 021- 05126-7 (Epub 2021 Apr 9)

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s00381-002-0691-z
https://doi.org/10.1007/s00381-002-0691-z
https://doi.org/10.1007/s10143-022-01788-2
https://doi.org/10.1007/s10143-022-01788-2
https://doi.org/10.1227/00006123-199404000-00020
https://doi.org/10.1227/00006123-199404000-00020
https://doi.org/10.1007/BF00262842
https://doi.org/10.3171/foc.2004.16.2.1
https://doi.org/10.1227/00006123-197906000-00005
https://doi.org/10.1227/00006123-198311000-00013
https://doi.org/10.1227/00006123-198311000-00013
https://doi.org/10.1227/00006123-199201000-00013
https://doi.org/10.1097/00006123-199708000-00015
https://doi.org/10.1097/00006123-199708000-00015
https://doi.org/10.1227/NEU.0b013e31820ee282
https://doi.org/10.1227/NEU.0b013e31820ee282
https://doi.org/10.1007/s00381-014-2372-0
https://doi.org/10.1007/s00381-014-2372-0
https://doi.org/10.1097/00006123-199701000-00019
https://doi.org/10.1097/00006123-199701000-00019
https://doi.org/10.1016/S1388-2457(01)00500-4
https://doi.org/10.1016/S1388-2457(01)00500-4
https://doi.org/10.1007/s00381-009-1020-6
https://doi.org/10.1007/s00381-013-2188-3
https://doi.org/10.1007/s00381-013-2188-3
https://doi.org/10.3171/2018.12.PEDS18535
https://doi.org/10.3171/2018.12.PEDS18535
https://doi.org/10.1016/j.surneu.2006.11.038
https://doi.org/10.1016/j.surneu.2006.11.038
https://doi.org/10.1227/01.NEU.0000114923.76542.81
https://doi.org/10.1227/01.NEU.0000114923.76542.81
https://doi.org/10.1227/01.NEU.0000363598.81101.7B
https://doi.org/10.1227/01.NEU.0000363598.81101.7B
https://doi.org/10.1007/s00381-009-1081-6
https://doi.org/10.1093/brain/awh246
https://doi.org/10.1093/brain/awh246
https://doi.org/10.1016/j.clinph.2021.03.044
https://doi.org/10.1007/s10143-021-01718-8
https://doi.org/10.1007/s10143-021-01718-8
https://doi.org/10.1016/j.clinph.2021.04.021
https://doi.org/10.1016/j.clinph.2021.04.021
https://doi.org/10.1007/s00381-020-04565-y
https://doi.org/10.1007/s00381-020-04565-y
https://doi.org/10.1038/s41598-021-04220-9
https://doi.org/10.1038/s41598-021-04220-9
https://doi.org/10.1093/brain/aws186
https://doi.org/10.1093/brain/aws186
https://doi.org/10.1007/s00381-021-05126-7
https://doi.org/10.1007/s00381-021-05126-7

	Intraoperative neurophysiology in pediatric neurosurgery: a historical perspective
	Abstract
	Introduction
	Brain surgery (Fig. 1)
	Brainstem surgery (Fig. 2)
	Spinal cord surgery (Fig. 3)
	Tethered cord surgery (Fig. 4)
	Future perspectives and conclusions
	Acknowledgements 
	References


