Chapter 2

Brainstem Surgery: Functional Surgical
Anatomy with the Use of an Advanced
Modern Intraoperative Neurophysiological
Procedure

Check for
updates

Nobuhito Morota and Vedran Deletis

2.1 Introduction: History of Brainstem Surgery
and Intraoperative Neurophysiology

The brainstem, once called as “no man’s land,” has come to within reach of surgery
by expertized hands [1-7]. Looking back at the history of brainstem surgery, the
first surgical resection appeared in 1909 [8], followed by 1910 [9]. Cushing was one
of those pioneers in brainstem surgery, whose first patient was operated on in 1910
with a dismal outcome [10]. Matson, one of the founders of modern pediatric neu-
rosurgery in North America, mentioned the brainstem glioma in 1969 as “...the
location of these tumors in itself obviates the possibility of surgical removal.
Exploration for confirmation of the diagnosis should be avoided if possible.”
However, he did not completely exclude the possibility of surgery, which was indi-
cated only if the clinical and radiological findings were atypical [11]. On the other
hand, favorable long-term outcome following surgery was reported by Pool in 1968,
though all three reported patients seemed to be atypical or low-grade brainstem
tumors [12]. It was not until about the early 1980s that Epstein and Hoffman used
the direct surgical approach. Both of them were leading pediatric neurosurgeons at
that time, fearlessly challenging the brainstem tumors [3-5, 13]. They classified
brainstem tumors, mainly gliomas, and discussed surgical indications based on the
tumor location and extension to the surrounding structures [3, 4, 14].

The importance of intraoperative neurophysiology (ION) arose more as direct
surgical approach to the brainstem became more common and the concept of
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brainstem surgery shifted from “lifesaving” brainstem surgery to “functionally pre-
served” brainstem surgery in the 1990s. Advanced surgical technology with detailed
information of microanatomy-based surgical approaches, together with the advanced
magnetic resonance imaging (MRI), opened the door to the brainstem. However, it
still remained a great challenge for neurosurgeons to operate lesions in and around
the brainstem. Distortion of the brainstem by a brainstem lesion leads to shifting the
brainstem’s anatomical architecture. Normal landmarks which guide neurosurgeons
to identify safe entry zones into the brainstem would be lost [15-19]. Brainstem
auditory evoked potentials (BAEPs) have been known to reflect part of the brain-
stem functional integrity. It was applied as a traditional ION methodology together
with somatosensory evoked potentials (SSEPs) for brainstem surgeries [20].
However, it should be reminded that the pathway of BAEPs and SSEPs covers only
20% of the brainstem area [21]. Their role in terms of preserving the functional
integrity of cranial nerve motor nuclei (CNMN) is limited. A new methodology of
ION for the modern use of brainstem surgery had been expected.

The dawn of ION for brainstem surgery came in 1993 when neurophysiological
localization of the facial nucleus on the floor of the fourth ventricle became avail-
able and was named brainstem mapping (BSM) [22, 23]. In this original BSM, the
floor was electrically stimulated using a monopolar stimulator, and the muscle
response (EMG) was recorded from the targeted muscle. The muscles monitored for
BSM are mainly facial (cranial motor nuclei VII: CNMN VII) and hypoglossal (cra-
nial motor nuclei XII: CNMN XII) nuclei. Other CNMNs, such as glossopharyn-
geal/vagus complex (CNMN IX/X) nuclei, can be mapped in selected cases [16].
Intraoperative neurophysiological procedures can help neurosurgeons to challenge
tough lesions and are expected to play a critical role in performing those demanding
surgeries safely [24, 25].

This paper aims to demonstrate comprehensive clinical application of neuro-
physiological procedures for brainstem surgeries, focusing mainly on BSM on the
floor of the fourth ventricle and the CBT-MEP monitoring [24-29]. The authors
explain the detail of the surgical perspective of BSM when approached through the
floor of the fourth ventricle and that of the CBT-MEP monitoring. Modified applica-
tion of BSM, when approached from other skull base routes to the brainstem, is also
discussed [26, 30-32]. It should be reminded that safety of surgery in and around
the brainstem can be maximized with the use of those cutting-edge neurophysiolog-
ical procedures.

2.2 Role of Intraoperative Neurophysiology

In general, ION consists of two main modalities: mapping and monitoring. The
mapping technique is defined as the functional identification of nervous tissue, usu-
ally by electrical stimulation. The monitoring technique is defined as continuous
feedback on the functional integrity of the nervous tissue [33]. Neurophysiological
mapping in the brainstem surgery corresponds to BSM. Monitoring the motor
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function integrity of CNMN corresponds to the corticobulbar tract (CBT) motor
evoked potential (MEP). Combination of both mapping and monitoring is expected
to enable the preservation of the functional integrity of CMN during surgery of the
brainstem.

The role of ION in the brainstem surgery would be counted in three points. The
first is to locate CMN on the floor of the fourth ventricle when a brainstem lesion is
approached through the fourth ventricle. BSM is the answer for this purpose. The
detail of BSM with its methodology and neurophysiological background is to be
described later. The second is to monitor the functional integrity of the cranial nerve
motor pathways originating from the cerebral cortex. The solution is the corticobul-
bar tract (CBT) motor evoked potential (MEP) monitoring which is emerging as an
indispensable tool for the brainstem surgery [24, 29]. Neurophysiological aspects of
the CBT-MEP are also described. The last is to preserve a variety of vital reflex
circuits derived from the brainstem. Several new methodologies which have been
introduced in the last decade are described.

2.3 Normal Anatomy of the Floor of the Fourth Ventricle
and Safe Entry Zones

Figure 2.1 demonstrates the normal anatomy of the floor of the fourth ventricle and
its subependymal intrinsic brainstem structures relating to the BSM [34, 35]. The
facial colliculus and the stria medullaris are two major landmarks on the floor of the
fourth ventricle. CNMN VII is mapped at the facial colliculus. It is not exactly the
facial nucleus that is electrically stimulated but the intramedullary root of the facial
nerve at its closest point to the floor of the fourth ventricle [18]. The stria medullaris
suggests the border between the pons and medulla on the floor of the fourth ventri-
cle. However, its direction and number have a wide individual variation; thus, it is
not regarded as a reliable surgical landmark. The lower CNMNss are located beneath
the hypoglossal and vagus triangles, which are included in the area of the calamus
scriptorius [1, 2, 36]. CNMN XII, which locates beneath the hypoglossal triangle, is
usually mapped along the midline near the obex [37]. CNMN IX/X is, if mapped,
localized at the area rostro-lateral to the point where CNMN IX/X was mapped [16].
Inside of the brainstem are many vital structures and other important functions,
and it is very difficult to get into its inner space safely. The term “‘safe entry zone”
to the brainstem was first advocated by Kyoshima in 1993 [15]. Using anatomical
landmarks as guidance, he demonstrated supra- and infra-facial triangles as the safe
entry zone to the brainstem through the floor of the fourth ventricle (Fig. 2.1).

Suprafacial triangle

Medial border: the medial longitudinal fascicle (MLF)
Caudal border: the facial nerve
Lateral border: the superior and inferior cerebellar peduncles
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Fig. 2.1 Normal anatomy and morphometrical measurement of the floor of the fourth ventricle.
Kyoshima’s original safe entry zone on the floor of the fourth ventricle is shown in the left. The
rostral end of the facial colliculus is located about 20 mm from the obex. CNMNs VI and VII locate
under the facial colliculus. CNMN XII locates under the hypoglossal triangle. Note the actual SEZ
is defined as more restricted area based on the morphometrical and cytoarchitectonic studies (SEZ:
safe entry zone)

Infra-facial triangle

Medial border: the MLF
Caudal border: the stria medullaris
Lateral border: the facial nerve

A series of morphometric and cytoarchitectonic studies confirmed the safe entry
zone and its exact location on the floor of the fourth ventricle [37Bogucki,
18Strauss97]. The structural distance shown in Fig. 2.1 is derived from Bogucki and
Strauss’s detailed morphometric anatomical study [18, 37].

The idea of “safe entry zone” to the brainstem spread and gained great applause.
It ignited surgical challenge to the intrinsic brainstem lesion [1, 38]. Specific safe
entry zones for other surgical approaches have been proposed since then. Bricolo
added the area acustica as another safe entry zone on the floor of the fourth ventricle
[2]. With the advent of skull base surgery, more than ten safe entry zones have been
documented and acknowledged in the midbrain, pons, and medulla [34, 36, 38, 39].
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2.4 Brainstem Mapping

2.4.1 Role of Brainstem Mapping

The original idea of BSM as an intraoperative neurophysiological procedure is to
locate CNMN on the floor of the fourth ventricle (Fig. 2.2). It is the role of BSM. The
original safe entry zone on the floor of the fourth ventricle under the normal anat-
omy does not necessarily assure safe entry to the brainstem. The brainstem is often
distorted by the lesion, and the normal landmarks on the floor of the fourth ventricle
would be obscure or lost [19, 22, 40, 41]. It is why BSM is required as an indispens-
able neurophysiological procedure to assist safe brainstem surgeries. BSM makes it
possible to locate CMN on the distorted floor of the fourth ventricle and guides
neurosurgeons to the area of safe entry zone to the brainstem [16, 22, 23, 27, 28].

The idea of BSM is changing as time goes on, and more surgical approaches are
introduced as safe entries to the brainstem. Originally, BSM is the BSM performed
on the floor of the fourth ventricle. This is a “narrow” definition. BSM on the other
surface of the brainstem is relatively new [26, 30-32]. It is a contemporary applica-
tion and includes more roles of the original BSM. As a “wide definition,” both origi-
nal and new BSMs are included.

facial collic

CNMN Xl

Orbicularis oculi ) |\{
Orbicularis oris Gk

TRIE:

Intrinsic tongue muscle

Fig. 2.2 Schema of BSM. Left: CNMN of the floor of the fourth ventricle is electrically stimu-
lated by a handheld monopolar stimulator. Center: A pair of EMG needles are inserted into the
targeted muscles. Right: Compound muscle action potentials are recorded following the BSM of
each CNMN (L-OC left orbicularis oculi, L-OR left orbicularis oris, L-T left intrinsic tongue muscle)
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BSM enables neurosurgeons to preserve CMNs before getting into the brain-
stem. Direct damage to the CMN would be avoided by BSM because it tells neuro-
surgeons where the safe entry zone is located and how it shifts [7, 19, 27, 28, 40,
41]. It should be reminded that BSM is a mapping technique to localize a CMN and
its intramedullary root. It does not reflect the functional integrity of the whole motor
pathway of a CMN, including the CBT. Functional preservation of the sensory path-
way is also not assured by BSM. Nevertheless, BSM plays a critical role in brain-
stem surgeries since functional preservation of the CMN is the primary concern for
neurosurgeons who challenge the lesion inside the brainstem.

2.4.2 Methodology of Brainstem Mapping

The technical aspect of BSM through the floor of the fourth ventricle has been pub-
lished before, and its outline is briefly explained here [16, 28, 41].

2.4.2.1 Preparation for Recording

BSM is performed through the surgically exposed floor of the fourth ventricle.
Following endotracheal anesthesia, EMG electrodes are inserted into the appropri-
ate muscles to be mapped intraoperatively (Fig. 2.2). Standard BSM for the brain-
stem surgery is performed for CNMNs VII and XII. A pair of EMG needles are
inserted into both sides of the orbicularis oculi and oris for BSM of the CNMN
VIIL In the same way, a pair of EMG needles are placed into the lateral aspect of the
tongue (intrinsic tongue muscle) on both sides to record the response from the
CNMN XII. The impedance of the recording EMG needles should be checked
before and after placing the patient in a prone position before starting surgery [16,
28, 41]. Standard recording parameters for BSM are shown in Table 2.1.

2.4.2.2 The Technical Aspect of Stimulation

After surgical exposure of the floor of the fourth ventricle, electrical stimulation is
delivered using a handheld monopolar stimulation probe as a cathode. The tip of the
electrode is a round shape with a diameter of 0.75—1.0 mm for safety. A corkscrew
electrode placed at Fz (10-20 international EEG system) or a needle electrode
inserted in a muscle in the surgical field is used as a reference (anode). BSM ini-
tially starts with the stimulation intensity of 2.0 mA for searching the CNMNs. The
stimulation probe on the floor of the fourth ventricle should stay at one point for a
couple of seconds and move in each direction every 1 mm distance for mapping the
CNMN. Once muscle responses are obtained, the stimulation intensity is gradually
reduced to determine the threshold. The threshold intensity varies from 0.2 to
2.0 mA based on the relationship between the brainstem lesion and CNMNs [16, 28,
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Table 2.1 Standard parameters for BSM and CBT-MEP monitoring

BSM | CBT-MEP monitoring
Stimulation
Cathode Handheld monopolar probe C3(+) - C4(—) or C4(+) - C3(—-)
Anode Fz or muscles in the surgical field | Alternatively or depending on
laterality of the lesion
Stimulus form Square wave Square wave
Stimulus duration 0.2 ms 0.5 ms
Number of Single Train of 5 (max. 7)
stimulation
Rate 1.0-4.0 Hz Interstimulus interval for train:
2 ms
Average x1 Maximum intensity: 200 mA
Intensity 2.0 mA for screening, threshold Suprathreshold intensity for
intensity for precise localization monitoring
Recording
Epoch time 20 ms 100 ms
Filter 20-3000 Hz 20-3000 Hz
Amplification 10,000 times 10,000 times
Muscles for EMG | Orbicularis oculi and oris (CNMN | Orbicularis oculi and oris (CNMN
recording VII) VII)
Posterior pharyngeal wall or Posterior pharyngeal wall or
cricothyroideus (CNMN IX/X) cricothyroideus (CNMN IX/X)
Intrinsic tongue muscle (CNMN Intrinsic tongue muscle (CNMN
XII) XII)
Other muscles innervated by CMNs | Other muscles innervated by
as needed CNMNs as needed
Abductor pollicis brevis for
standard (CST-) MEP monitoring
Others Stimulation on one point less than | No muscle response following
5s single stimulation

41]. Minimum stimulation intensity is essential to exactly locate the CNMN [42].
Standard stimulation parameters for BSM are shown in Table 2.1. The safety of
BSM under those conditions seems to be secured based on Strauss’s proposal which
advocated safe margin of BSM as maximum stimulation intensity of 2 mA, stimula-
tion duration up to 400 ps, and stimulation frequency limited to 10 Hz [19].

BSMs for CNMNs IX and X were once included as a standard BSM procedure
[Morota95,96,20]. Because of the difficulty in placing electrodes, less reliability in
EMG response, and obscure role in determining safe entry zone, it is no more a
routine procedure in my practice. However, a new technique of recording the CNMN
IX/X response from cricothyroid muscles reported by Deletis would change the
clinical evaluation in the future [43]. Electrodes can also be safely inserted in the
extraocular muscles for mapping CNMN:ss 111, IV, and VI when a midbrain lesion is
operated [44].
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2.4.2.3 Anesthesia Regimen of BSM

Anesthetics used for general anesthesia have nearly no influence for BSM. Because
BSM stimulates the CNMNs or the intramedullary roots, any type of anesthesia
except a long-lasting muscle relaxant is compatible with BSM [16, 28, 32, 45].
However, since BSM is applied together with the CBT-MEP monitoring for the
brainstem surgery, total intravenous anesthesia using propofol, fentanyl, a nitrous
oxide, and oxygen mixture is the present standard anesthesia regimen. A short-
acting muscle relaxant is used only before intubation.

2.4.3 Functional Surgical Anatomy and Its Implications
in Brainstem Surgery

2.4.3.1 Functional Surgical Anatomy

Functional anatomy of the brainstem, when approached through the floor of the
fourth ventricle, is revealed by BSM [19, 23, 27, 28, 40, 41]. Functional anatomy, in
this situation, is nearly a synonym of surgical anatomy. Once CNMNs are mapped
(positive mapping), the safe entry zone to the brainstem is identified as the silent
neurophysiological area (negative mapping). The brainstem lesion is reached
through the safe entry zone. BSM can be repeated from time to time on the floor of
the fourth ventricle or through the lesion inside the brainstem. The advantage of
BSM is that it avoids direct damage to the CNMN.

An example of functional surgical anatomy revealed by BSM is shown in the
following case.

Case 1

This is an 11-year-old boy with diffuse intrinsic pontine glioma (DIPG). The boy
showed sudden onset of consciousness disturbance with right facial weakness.
Right abducens palsy and mild left hemiparesis were also presented. A CT and MRI
revealed intratumoral hemorrhage of a brainstem tumor which is located in the mid-
pons which predominantly shifted on the right side (Fig. 2.3). Emergency surgery
for hematoma and tumor removal was carried out.

The fourth ventricle was opened through the suboccipital midline approach. The
right side of the floor of the fourth ventricle was bulged by tumor and hematoma,
and the median raphe shifted to the left side. BSM was performed with the stimula-
tion intensity of 2.0 mA for a search of the CNMN (Fig. 2.3). After roughly locating
the CNMNs, the stimulation intensity was squeezed to 1.0 mA for precise localiza-
tion of the CNMNs. A map of functional surgical anatomy of the floor of the fourth
ventricle was made (Fig. 2.4). A myelotomy was placed on the silent (negative map-
ping) area, compatible with the suprafacial triangle which was unrecognizable.
During hematoma and tumor removal, the CBT-MEP and CST-MEP were continu-
ously monitored. There was no change or deterioration of the MEP responses
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Fig. 2.3 An 11-year-old boy with a diffuse intrinsic pontine glioma and intratumoral hemorrhage.
Upper: MRI showed a diffuse intrinsic pontine tumor predominantly located in the right mid-pons
with intratumoral hemorrhage. Lower left: An intraoperative photograph of the floor of the fourth
ventricle showed bulging of the right side of the floor (asterisk) with a midline shift to the left side.
Lower right: BSM using the stimulation intensity of 2.0 mA for a search of the CNMN (Or orbi-
cularis oris muscle, Oc orbicularis oculi muscle, 7 intrinsic tongue muscle)

(Fig. 2.5). At the end of the hematoma and tumor removal, BSM was repeated
(Fig. 2.6). Postoperatively, the boy woke up without neurological deterioration. The
pathological diagnosis of the tumor was anaplastic astrocytoma.

2.4.3.2 Deviation of CNMNs Caused by Brainstem Lesions

BSM demonstrated high variability in size and location of CNMN in those with
brainstem pathologies [40, 41]. In our experience, BSM showed there was a repeti-
tive pattern of the CNMN displacement depending on the location of the lesion [27,
28, 41, 45] (Fig. 2.7).

In pontine tumors, the CNMN VII is displaced around the edge of the tumor on
the floor of the fourth ventricle. If a tumor is at the upper part of the pons, the
CNMN VII is displaced caudally and laterally. A lower pontine tumor displaces
CNMN VII rostrally and laterally. In selected cases, the orbicularis oculi and oris
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BSM of CNMN VII (pre myelotomy: 1.0 mA)
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Fig. 2.4 Upper left: BSM on the floor of the fourth ventricle, locating the CNMN VII. Upper right:
BSM with the stimulation intensity of 1.0 mA for precise localization of the right CNMN
VII. Lower left: Coagulation at a safe entry zone (the suprafacial triangle) on the floor of the fourth
ventricle before myelotomy. Lower right: A functional surgical map of the floor of the fourth ven-
tricle based on the result of BSM. Myelotomy was placed rostral to the right CNMN VII (same
patient in Fig. 2.3)

muscle responses are mapped at a different but adjacent area on the floor of the
fourth ventricle [16, 41].

In case of medullary tumors, one or more lower CNMNs locate ventrally to the
tumor. It means BSM of lower CNMN before tumor resection can result in negative
mapping and be unable to identify the targeted CNMN. Mapping of lower CNMN
in those cases is only possible near the end of tumor resection at the bottom of the
tumor cavity. Therefore, unsuccessful BSM of lower CNMN suggests important
information that the lower CNMNSs are located ventral to the tumor.

Although cervicomedullary junction (CMJ) spinal cord tumors are not a part of
a brainstem lesion, they usually displace lower CNMN rostrally if the tumor is not
a malignant invasive one [41].

It should be reminded that the abovementioned specific displacement patterns
were derived from the case with a brainstem tumor. The result can be different in the
case of a hematoma, cavernous angioma, and other pathologies [27, 41].
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Fig. 2.5 Upper: Removal of tumor and hematoma through the myelotomy placed on the safe entry
zone (the suprafacial triangle). Lower: Recording of pre- and postoperative CBT-MEPs (stimula-
tion intensity: 80 mA). No CBT-MEP was recorded when a single transcranial stimulation was
delivered. The CBT-MEP was recorded from the left orbicularis oris muscle (O oris) and the
tongue intrinsic muscle (tongue) when anodal stimulation was delivered at the C3 with a train of
five stimuli (interstimulus interval: 2 ms). Small amplitude of CST-MEP was also recorded from
the right abductor pollicis brevis muscle (APB). No muscle activity was evoked when stimulated
from the C4. The finding was approximately the same between pre- and postoperative recordings
(same patient in Figs. 2.3 and 2.4)

2.4.3.3 The Surgical Implication of Brainstem Mapping

BSM results on the floor of the fourth ventricle suggest several important surgical
implications in terms of safe brainstem surgery [27, 28, 41, 45]. First, the risk of
damaging CNMN VII exists at the edge of the tumor (Fig. 2.7). The intrinsic pon-
tine tumor usually pushes the CNMN VII around the tumor edge. It means precise
localization of the CNMN VII before tumor resection is mandatory to avoid direct
damage by retraction or myelotomy incision on the floor of the fourth ventricle.
Once a shifted CNMN VII is mapped, one can estimate the approximate area of the
safe entry zone. In general, the midline upper pontine tumor displaces the CNMN
VII caudally; thus, the safe entry zone where myelotomy is placed locates rostral to
the tumor. Myelotomy should be directed rostrally. On the contrary, the midline
lower pontine tumor displaces the CNMN VII rostrally; thus, the safe entry zone
locates caudal to the tumor. Myelotomy should be directed caudally (Fig. 2.8).
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Fig. 2.6 BSM performed after the tumor and hematoma removal. Upper: BSM of the right CNMN
VII, which was located caudal to the myelotomy. Lower: BSM of the CNMN XII, which was
located near the obex of the fourth ventricle (same patient in Figs. 2.3, 2.4, and 2.5)

Second, in case of the medullary tumor, the risk of damaging lower CNMN
exists at the bottom of the tumor cavity (Fig. 2.8). Most tumors grow exophytic
while compressing some of the lower CNMN ventral to the tumor (Fig. 2.7).
Ventrally displaced lower CNMN can be unmapped before tumor resection because
the tumor is on the way of stimulating current. The EMG response can appear as the
tumor resection progresses to the bottom of the tumor cavity. Initial negative map-
ping in BSM before tumor resection is an alarming signal that the lower CNMNSs are
pushed ventral to the tumor. Negative mapping can turn to positive mapping on the
way of tumor resection. Repeating BSM from time to time is recommended as
tumor resection comes close to the bottom of the cavity. Once the unmapped lower
CNMN is detected, it would be recommended to leave the rest of the tumor
untouched for functional preservation of the lower CNMN (Fig. 2.8).

In the case of the CMJ spinal cord tumor, if it is large and extends into the fourth
ventricle, the displacement pattern is different. The tumor pushes the caudal part of
the floor of the fourth ventricle including the lower CNMN rostrally [Morota96,06,20]
(Fig. 2.7). Those lower CNMNs are at high risk of damage if approached from the
rostral direction. It is strongly recommended to approach the rostral end of the
tumor from the caudal side while undermining the floor of the fourth ventricle
(Fig. 2.8).
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Fig. 2.7 Typical displacement pattern of CNMN by brainstem tumors in a different location. In
pontine tumors, CNMN VII is displaced at around the edge of the tumor. Precise localization of
CNMN VII by BSM before tumor resection is strongly recommended to avoid direct damage dur-
ing surgery. Medullary tumors typically grow more exophytic fashion. Uni- or bilateral CNMN XII
could be compressed ventral side of the tumor. Failed BSM of CNMN XII before tumor resection
would suggest the CMN locates at the bottom of the tumor cavity. It is recommended to repeat
BSM when the tumor resection approaches near the bottom of the tumor cavity. Cervicomedullary
junction spinal cord tumors (CMJ SCT) displace the lower CNMN rostrally, while the tumor
extends and undermines the floor of the fourth ventricle. Care should be paid to the rostral end of
the tumor cavity

5

Fig. 2.8 Surgical implications derived from BSM. Left: The midline upper pontine tumor dis-
places the CNMN VII caudally. Myelotomy from the exposed tumor or the shortest distance from
the tumor should be directed rostrally. The midline lower pontine tumor displaces the CNMN VII
rostrally. Myelotomy should be directed caudally. Center: In the case of the medullary tumor, the
risk of damaging lower CNMN exists at the bottom of the tumor cavity. It is recommended to
repeat BSM as tumor resection comes close to the bottom of tumor resection. Right: In the case of
the CMJ spinal cord tumor, the tumor pushes the caudal part of the floor of the fourth ventricle
rostrally. The risk of damaging the lower CNMN exists at the rostral end of the tumor

/
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2.4.4 Limitations of Brainstem Mapping

BSM has been recognized as an indispensable intraoperative neurophysiological
procedure that protects the CNMN from direct damage during surgery of brainstem
lesions. Distorted brainstem anatomy fails to indicate the exact location of displaced
CNMN. Positive BSM outlines the dangerous area to enter the brainstem. Negative
BSM suggests a relatively safe entry zone to the brainstem. Without BSM, a neuro-
surgeon would be at a loss to find safe entry zone to get into the brainstem lesion.
However, BSM does have limitations.

First, BSM is a neurophysiological mapping technique, not a monitoring one.
BSM is performed intermittently to localize the CNMN or confirm the functional
integrity distal to the CNMN. It is not a continuous procedure to monitor the func-
tional integrity of the CNMN throughout the surgery. When performed, surgery
must be interrupted. In addition, repeating BSM frequently consumes time.
Nevertheless, damage to the CNMN can develop during the tumor resection between
BSMs. To overcome this limitation, combined use of BSM and the CBT-MEP mon-
itoring is strongly required [24, 27, 29].

Second, BSM cannot detect or prevent direct damage to the CBT. Preserved
EMG response evoked by BSM does not necessarily assure preserved CBT func-
tional integrity. Chance of selective CBT injury seems unlikely when approached
from the floor of the fourth ventricle since the CBTs generally approach the CNMN
from a ventral to the dorsal direction [46]. However, the possibility of CBT injury
cannot be excluded completely.

Third, positive results of BSM of the lower CNMN do not necessarily guarantee
preserved lower brainstem function. Functional integrity of the lower CNMN
involved in swallowing, coughing, and vocalization consists of both afferent (sen-
sory) and efferent (motor) reflex circuits. Damage to the intramedullary afferent
root or inter-nucleus connecting pathway is undetectable by BSM. It should be
reminded that Pick’s bundle, one of the medullary CBT branches, forms a loop to
innervate lower CNMN (Figs. 2.9 and 2.10). One of its roles is supposed to be con-
nection between the lower CNMNSs [46, 47]. Theoretically, damage to Pick’s bundle
while having positive BSM still can lead to the functional deterioration of the lower
CNMN postoperatively.
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Fig. 2.9 Schematic drawing of the CBT and its branches. The branches are classified into three
groups based on the anatomical location. Note that the CBT innervates CNMN in the ventrodorsal
direction with multiple innervations to a CMN (from Morota et al., Intraoperative neurophysiology
for surgery in and around the brainstem: role of brainstem mapping and corticobulbar tract motor-
evoked potential monitoring. Child Nervous Sytem, 26, pages 513-521 (2010), with permission)

2.5 Corticobulbar Tract

2.5.1 Anatomy of CBT

There has been limited knowledge about the detailed anatomy of CBT innervating
the CNMN in the brainstem. The CBT is derived from the precentral gyrus and run
down aside the corticospinal tract (CST) [48]. It passes the genu of the internal
capsule, medial-most region of the cerebrum peduncle, and then spreads into sev-
eral branches as it goes down [49]. Several branching fibers to the CNMNs VII and
XII have been depicted on recent MRI-based studies [47, 50-52].
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Fig. 2.10 Surgical implications based on the CBT anatomy. Left: The CBT runs ventral-to-dorsal
direction to CNMNs. Direct damage to CNMNs seems less likely if the brainstem lesion was
approached from the floor of the fourth ventricle. Center: The CNMN receives several branch
fibers from the CBT. Multiple innervations of the CNMN by CBT branches mean that the perma-
nent CNMN dysfunction is less when a single branch fiber was damaged. Right: Pick’s bundle
(gray arrows) forms a medullary loop. Its damage would result in serious lower cranial nerve
dysfunction

Krieg is the first to reveal the minute anatomy of the CBT using what we call
“fiber dissecting method” in the 1950s [46]. According to his study, the CBT
diverges from the CST in the brainstem as several branch fibers. His description of
the CBT origin was as follows: “Fibers for the cranial nerve nuclei are the most
medial of the pyramidal fibers in the peduncle, but below this level they begin to
leave the peduncle to reach their terminations in the brain stem” (Fig. 2.9).

Seven main branches were described, and their courses to the CNMN were
shown in a three-dimensional figure in Krieg’s book. These branch fibers were clas-
sified into three groups based on their locations and targets in the brainstem: mid-
brain CBT, pontine CBT, and medullary CBT (Fig. 2.9) [24]. Each branch included
two to three groups of fibers that synapse directly to the CNMN or indirectly through
interneurons. The following explanations are a summary of the original Krieg’s
description [46].

Midbrain CBT

1. The lateral CBT: It separates the dorsomedial face of the peduncle, directs dor-
somedially into the tegmentum, then decussates, and descends to terminate
the CNMN V.

2. The medial CBT: It separates from the peduncle, curves ventromedially, then
runs dorsally between the medial lemniscus fibers (MLF), turns caudally along
the medial of the MLF, decussates, and passes dorsolaterally to reach the CNMN
VII and possibly to the CNMNs V and VL.

3. The lemniscal CBT: It courses much like that of the medial CBT, but it diverges
laterally to pass into the CNMN V and it branches laterally to pass.
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Pontine CBT

4. The trigemino-facial group: It leaves the pyramidal tract at dorsomedial aspect
in the upper pons. It reaches the midline and courses directly dorsally just below
the fourth ventricle, then decussates, goes laterally to the CNMN VI, and ends to
the CNMNs V and VIIL.

5. The facial group: It leaves the dorsal aspect of the pyramidal tract in the middle
and lower pons. After reaching the midline, it gradually decussates and runs
dorsally and then runs directly to the CNMN VII.

Medullary CBT

6. The pontobulbar corticobulbar fibers: It leaves the pyramidal tract at the ponto-
medullary junction and runs dorsally to end in the CNMN X11 and spinal acces-
sory nuclei.

7. Picks bundle: It leaves the pyramidal tract just after decussating, turns cranially,
and runs upward just medial to the spinal ambiguous nucleus, while its highest
fibers run up to the CNMN VII.

2.5.2 Surgical Implications of CBT Anatomy

Krieg’s detailed description of the normal anatomy of the CBT gives us information
when we face the brainstem surgery (Fig. 2.10). First, the CBT is not a single bundle
like the CST. It is an assembly of a group of fibers. Second, after the CBT branches
leave the CST, they run ventral-to-dorsal direction to the CNMN in the brainstem.
It means that if the brainstem lesion is approached from the floor of the fourth ven-
tricle, it seems less likely to damage the CBT directly. Third, the CNMN receives
several branches from the CBT. There seems to be no one-to-one innervation
between a CBT branch and a CNMN. Multiple innervations of the CNMN by CBT
branches mean it behaves like a biological “safeguard system,” less vulnerable to
damage. A single injury to a CBT branch does not necessarily result in CNMN dys-
function. Mild to moderate motor dysfunction of the CNMN caused by direct dam-
age to a CBT branch could possibly recover later. Fourth and finally, one branch of
the CBT (Pick’s bundle, in the medullary CBT) forms a medullary loop and turns to
run caudal-to-rostral direction while innervating the pontomedullary cranial nuclei
[47, 51-53]. This atypical, unusual route of the CBT branch could have some role
in the complex reflex circuits formed among the lower cranial nerves [24, 27].
Damage to Pick’s bundle would cause injury to those critical reflex circuits and
result in serious lower cranial nerve dysfunction.
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2.5.3 CBT-MEP Monitoring

The functional integrity of the entire CBT ending up to the CNMN is monitored by
the CBT-MEP monitoring during the surgery in and around the brainstem [24, 25,
26, 29].

In Fig. 2.11, a 2-year-old boy with anaplastic ependymoma demonstrates the
optimal indication for CBT-MEP monitoring. The tumor located at the right cere-
bellopontine angle to a pontomedullary junction and extended to the ventral side of
the brainstem. The fourth ventricle was compressed and shifted to the left side.
BSM was inapplicable since the floor of the fourth ventricle would be exposed at the
last stage of tumor resection. Intramedullary and subarachnoid parts of the periph-
eral facial and lower cranial nerves, together with the CBT, seemed to be at high risk
of damage by tumor resection. The CBT-MEP monitoring plays a critical role in
performing the safe tumor removal by the feedback of real-time functional integrity
of the CBT to surgeons [24].

The technical aspect of the CBT-MEP monitoring has the common background
in terms of placing electrodes for recording (Fig. 2.2). Stimulation electrodes are
placed at C3 and C4 (10-20 international electroencephalographic electrode sys-
tem) (Fig. 2.12). Using C3 and C4 electrodes alternatively as anode for transcranial
electrical stimulation (TcES), the CBT-MEP on each side is recorded from the same
muscles used for BSM. The parameters of TcES for the CBT-MEP are the same as
the standard CST-MEP monitoring. Train of five stimuli with the interstimulus
interval of 2 ms (500 Hz) is delivered over the scalp to elicit the CBT-MEP. Before
monitoring the CBT-MEP, a single transcranial electrical stimulation is delivered to

Fig. 2.11 A case of anaplastic ependymoma in a 2-year-old boy. Left: Preoperative Gd-enhanced
MRI demonstrated the tumor extending from the right cerebellopontine angle to the ventral side of
the brainstem. Right: Postoperative Gd-enhanced MRI showed gross total resection of the tumor.
A small part of the tumor remained on the right lateral surface of the brainstem
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Fig. 2.12 Left: Position of electrodes placed for transcranial stimulation of the CBT-MEP and for
recording from cranial nerve-innervated muscles. Recording from the orbicularis oculi muscle is
excluded whenever surface conduction of the stimulation current is suspected. Right: Intraoperative
photograph after turning the patient in a prone position. Electrodes for recording are fixed on the
face with tapes

confirm that the response originated from the CBT, not by peripheral activation of
the facial nerve induced by surface conduction from the stimulation electrode
(Fig. 2.13). If any muscle contraction is recorded following a single stimulation, the
stimulation intensity is reduced to avoid the muscle contraction evoked by surface
conduction of the current (Fig. 2.1). Subthreshold stimulation intensity is the must-
rule for eliciting reliable CBT-MEPs. The maximum stimulation intensity is
restricted up to 200 mA for safety reasons, the same as the standard CST-MEP
monitoring.
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Fig. 2.13 Record of the CBT-MEPs. Left: Prior to monitoring the CBT-MEP, no response follow-
ing a single transcranial electrical stimulation is confirmed to exclude the peripheral activation of
the facial nerve. Right: Train of five stimuli with the interstimulus interval of 2 ms (500 Hz) is
delivered to elicit the CBT-MEP (O oris orbicularis oris muscle, fongue intrinsic tongue muscle,
APB abductor pollicis brevis muscle)

2.5.4 Advantages and Limitations of Monitoring
the CBT-MEP

The advantages of the CBT-MEP monitoring are that it can be applied in all surger-
ies in and around the brainstem [24, 43, 54]. Its clinical use during surgery of acous-
tic neurinoma and other skull base surgeries has been reported [55-59]. In addition,
the advantage of monitoring the CBT-MEDP is that it enables to monitor the entire
motor pathway from the motor cortex to the cranial motor nerve-innervated muscle.
Unlike BSM, which interrupts surgery for the mapping, the CBT-MEP is monitored
simultaneously with the surgical procedure [55].

Limitation in monitoring the CBT-MEP does exist. It has been pointed out that
possibility of peripheral activation by surface conduction cannot be completely
excluded entirely when monitoring the facial CBT-MEP [60]. It could lead to a
false-negative result and should be avoided. Since the orbicularis oculi muscle is
most vulnerable to peripheral activation caused by surface conduction, it would be
excluded from the CBT-MEP monitoring in selected cases. Another limitation is its
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lack of monitoring of the sensory part of the cranial nerves and their contribution to
the sensory pathway. Reflex circuits of swallowing and coughing could be damaged
without reflecting on the CBT-MEP monitoring. The lower cranial nerves are com-
posed of sensory and motor parts. The CBT-MEP monitoring can monitor the func-
tional integrity of the whole motor pathway to the CNMN but not the sensory
pathways of cranial nerves. Considering the anatomical background of the CBT, it
would be fair to say that the result of CBT-MEP monitoring innervating CNMNs
VII and XII can correspond to functional preservation. This result may show some
discrepancy for CNMN IX/X. The CBT-MEP monitoring cannot monitor sensory
input through the afferent fibers. Lower cranial nerve dysfunction, such as dyspha-
gia and dysarthria, can develop despite preserved CBT-MEP responses. Preserved
CBT-MEPs do not necessarily assure the preserved lower cranial nerve function
[57]. Finally, defined warning criteria for the CBT-MEP monitoring have not been
established. Amplitude reduction of more than 50% has been reported, with the
same warning criteria as the CST-MEP [58]. However, it should be carefully veri-
fied because it is not sure that the same criteria can be applied for pure motor func-
tion (CNMN VII, CNMN XII) and the lower CNMN included in the complex reflex
circuit. Different criteria based on a different function of the CNMN could be
required in the future.

2.6 Comprehensive ION Procedures in the Contemporary
Brainstem Surgery

It should be emphasized again that the branches of CBT run ventrodorsal direction
and the CMN is innervated by multiple CBT branches (Figs. 2.9 and 2.10) [17, 27,
46, 47, 50]. Those anatomical features of CBT suggest that permanent damage to
the CBT is less likely when the lesion is approached from the fourth ventricle.
Nevertheless, damage to the CNMN and its intra- or extramedullary root can
develop during the surgery. The situation is the same when other various skull base
approaches are used for the brainstem surgery [32]. It is the reason why the com-
bined application of both BSM and the CBT-MEP monitoring is critical and indis-
pensable for the safe surgery in and around the brainstem [24, 29, 61]. It is the role
of ION procedures in contemporary brainstem surgeries.

Presently, newly recognized safe entry zones exist in almost all aspects of the
brainstem surface [7, 34, 38, 39, 62]. Even if a brainstem lesion is approached other
than through the floor of the fourth ventricle, the role of BSM still exists. Together
with the CNMN, the CST and CBT can be mapped either positively or negatively
(Fig. 2.14) [26]. Positive mapping on the brainstem surface warns that there is a
critical brainstem structure present underneath the region. Negative mapping assures
that the mapped site is safe to get into the brainstem.

BSM can be applied through inside of the brainstem to estimate how the mapped
point is close to an intrinsic brainstem structure [63]. It is the brainstem version of
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Fig. 2.14 Modified application of BSM for detecting the CST on the lateral surface of the brain-
stem. The CST was mapped on the lateral surface of the midbrain. Left upper: Pre- and postopera-
tive MRI showing subtotal removal of the left midbrain tumor. Left lower: Schematic drawing of
modified application of BSM. Right: BSM on the lateral surface of the midbrain demonstrated the
D waves recorded from an electrode inserted in the spinal epidural space, when the stimulation is
delivered on the left CST (positive mapping). No response was recorded when the stimulation
moved dorsally from the tumor (negative mapping)

the subcortical white matter mapping [64]. It should be reminded that the relation-
ship between stimulation intensity and the distance from the point of stimulation to
the mapped structure demonstrated no linear correlation [65, 66]. Variability of the
estimated distance would come from a heterogeneity of tissue, the condition of the
surgical field, and different neurophysiological parameters [65, 67]. It would be
especially true in the brainstem where CMNs and their intramedullary roots exist
together with the CBT and CST. On the other hand, from the practical viewpoint,
rough estimation “I mA = I mm” (stimulation of 1 mA intensity penetrates 1 mm
within the brainstem tissue) is derived according to Shiban’s data [65]. This is an
approximation and should be adjusted from patient to patient.
Representative cases of the brainstem surgery are presented.

Case 2

This is a 7-year-old girl with a long history of gait disturbance and slow progression.
Mild hoarseness and swallowing also gradually developed. An MRI revealed a
lesion with high signal intensity on T2-weighted image from the right pons to the
cerebellar peduncle (Fig. 2.15). Open tumor biopsy through the fourth ventricle was
performed.

After exposure to the floor of the fourth ventricle, BSM was performed. The
initial stimulation intensity of 1.0 mA was delivered to search the location of the
CNMNS . Then, the stimulation intensity was reduced to 0.4 mA for precise local-
ization of the CNMNs (Fig. 2.15).
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Fig. 2.15 A 7-year-old girl with a tumor extending from the cerebellar peduncle to the brainstem.
The girl presented with ataxic gait, which gradually worsened over a few years. Hoarseness and
occasional swallowing difficulty developed slowly. Upper left: An MRI revealed a high signal
intensity from the right cerebellar peduncle to the brainstem on T2-weighted image (asterisk), and
there was no enhancement after the gadolinium injection. Upper right: BSM for search of the
CNMNSs with the stimulation intensity of 1.0 mA. Lower: With the use of a stimulation intensity
of 0.4 mA, precise localization of the CNMN VII was performed. The black arrow indicates the
right CNMN VII, and the gray arrow is the left one (white arrows: stria medullaris)

The tumor biopsy was performed near the base of the right cerebellar peduncle,
away from the right CNMN of the facial nerve. The CBT-MEP remained stable
before and after the biopsy, though the responses from the CNMN VII were very
small in amplitude (Fig. 2.16).

To the brainstem lesion located more ventrally, the lateral approach would be the
choice of surgery [34, 38, 68, 69]. Bertalanffy strongly recommended the postero-
lateral approach to the pons as it was safer to preserve CNMN VI and VII function
than approaching through the floor of the fourth ventricle [7]. BSM can reveal the
location of the CST or CNMN on the lateral surface of the pons (Fig. 2.14) [26]. The
CBT-MEP monitoring is continuously carried out through the surgical approach and
procedures inside the brainstem.

Case 3
This is an 11-year-old boy with a pontine cavernous angioma. The boy had a history
of repeated hemorrhage from a pontine cavernous angioma. He underwent removal
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Fig. 2.16 Upper left: A white circle shows the lesion where biopsy specimens were sampled.
Lower left: Intraoperative photograph shows the biopsy taken from the white circle. A dark circle
shows the location of the right CNMN VII. Right: Pre- and postoperative CBT-MEPs (stimulation
intensity: 80 mA). In this case, CBT-MEPs from the left CNMNs remained stable but were absent
from the right CNMNs. Note CST-MEPs recorded from the APB remained stable (same patient in
Fig. 2.15)

of the cavernous angioma through the supracondylar fossa (far lateral) approach
2 years before the second surgery. The rostral part of the angioma was tightly
attached to the surrounding brainstem tissue and left untouched. This time, he
noticed worsened right facial palsy and right hemiparesis. A CT and MRI revealed
rebreeding from the residual angioma (Fig. 2.17). The second surgery was sched-
uled through the posterior trans-petrosal approach. During the surgery, the lateral
surface of the pons was exposed after cutting the cerebral tentorium and opening the
arachnoid membrane. BSM was carried out on the lateral surface of the pons
between CNMNs V and VII (Fig. 2.18). The CNMN VII was located at the caudal
end of the surgical field (positive mapping). Myelotomy of the pons was placed on
the silent area of BSM (negative mapping), which was supposed to be a safe entry
zone of the infratrigeminal lateral approach to the pons [7, 34, 39]. The hematoma
and the angioma were gross totally removed. The CBT-MEP and the CST-MEP
were continuously monitored during the procedure (Fig. 2.18). The CBT-MEP of
the right CNMNs VII and XII remained approximately the same amplitude. In



2 Brainstem Surgery: Functional Surgical Anatomy with the Use of an Advanced... 45

Fig. 2.17 An 11-year-old boy with recurrent hemorrhage from a brainstem cavernous angioma.
Left and center: Recurrent hemorrhage from a cavernous angioma was observed in the right lower
pons. Right: Surgical approach to the pons (arrow) and the location of CST (lined oblique oval)
are shown
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Fig. 2.18 Upper: Result of BSM on the lateral surface of the pons. When stimulated between the
trigeminal (asterisk) and facial nerves, no response was recorded (negative mapping: dark arrow).
Facial muscle contraction was recorded when stimulated near the exit zone of the facial nerve
(positive mapping: black arrow). Lower left and center: Exposure of the cavernous angioma (left)
and after removal of the cavernous angioma (center) was shown. Lower right: The CBT-MEP and
the CST-MEP were continuously monitored during the surgical resection of the cavernous angi-
oma (CEPA, continuous evoked potential array; Or, orbicularis oris muscle; Oc, orbicularis oculi
muscle; T, intrinsic tongue muscle; APB, abductor pollicis brevis muscle) (same patient in
Fig. 2.16)
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Fig. 2.19 Pre- and postoperative recordings of the CBT-MEP. Note there was no muscle contrac-
tion when transcranial electrical stimulation was delivered by single stimulation. By the end of
surgery, the CBT-MEP was approximately preserved, but the CST-MEP from the right APB
reduced its amplitude (O oris orbicularis oris muscle, fongue intrinsic tongue muscle, APB abduc-
tor pollicis brevis muscle) (same patient in Figs. 2.16 and 2.17)

contrast, the CST-MEP on the right side reduced its amplitude (Fig. 2.19). The boy
woke up with mildly deteriorated right hemiparesis, but it improved within a month.

2.7 Future Perspective on the Role of ION Procedures
in the Brainstem Surgery

Surgery to the brainstem has made remarkable advancements in the last two decades
after the introduction of various skull base approaches [70, 71]. With the advent of
surgery, so were the ION procedures applied for brainstem surgical interventions.
Original BSM through the floor of the fourth ventricle is no more the sole procedure
of BSM in the contemporary ION.
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2.7.1 Advanced Brainstem Imaging and the Role of ION

Morphometrical visualization of the brainstem to support anatomical guidance to
the brainstem structure was first attempted at the end of twentieth century [72].
Presently, diffusion tensor tractography (DTT) visualizes the pyramidal tract nonin-
vasively in the brain and has been regarded as promising technique which enhances
the capability of surgical approach, mainly for brain tumors [73, 74]. The accuracy
of DTT in relationship with the brain lesion still remains controversial, and the
combined use of ION has been discussed [75-77]. Nevertheless, DTTs of the CST
and CBT have been opening a new field of the brainstem’s functional anatomy and
its surgery [52, 78, 79].

Recent advancements in MRI have brought great impact not only in diagnosis
but also the selection of surgical approaches. Subnuclei in the basal ganglion can be
visualized by using 7 T MRI [80]. Furthermore, the presently invisible internal
architecture of the brainstem can be visualized using 11.7 T MRI [62]. An anatomi-
cal safe entry zone to an intrinsic brainstem lesion can be defined on an 11.7 T MRI
before surgery.

It would be possible to reach the lesion with the use of a high-resolution MRI-
guided navigation system. If DTT of the CBT has reached the clinical use, it would
also be helpful for the surgeon to plan a surgical approach. It means an “on the
image” safe entry zone can be visualized with high-resolution MRI and DTT. At the
same time, the importance of BSM and the CBT-MEP monitoring looks unshakable
in the real-world surgery because real-time feedback brought by ongoing ION pro-
cedures plays an indispensable role for the neurosurgeon. In addition, positive and
negative BSM results can tell which direction the cortical myelotomy would be
safely extended on the surface of the brainstem [81]. Combined application of the
latest image-oriented neuronavigation and ION procedures seems indispensable,
enabling safer than ever brainstem surgery in the future.

2.7.2 Monitoring of the Reflex Circuit of the Lower
Cranial Nerve

Monitoring of the lower cranial nerve functional integrity is not straightforward.
Most of the lower cranial nerve function is composed of reflex circuits, such as gag
reflex. Injury to the sensory pathway would produce disturbed lower cranial nerve
function.

The CBT-MERP of the laryngeal muscle closely relates to vocalization, which can
be traced back to the end of the 1980s when Amassian first demonstrated it by tran-
scranial magnetic stimulation [82]. Clinical application of the laryngeal muscle
CBT-MEP monitoring has been reported since then, but non about the neurophysi-
ological monitoring of the functional integrity of reflex circuits of the lower cranial
nerves [43, 58]. Further evolution of ION in this field is awaited [83—85].
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2.7.3 Stereotactic Biopsy of Brainstem Lesions
and the Role of ION

The paradigm shift is going on in managing diffuse intrinsic pontine glioma (DIPG).
The first impact came in the early 1990s when MRI was introduced to diagnose
DIPG. Once diagnosed on MRI, DIPGs have been regarded as no surgical indica-
tion since then [86]. It should be reminded that Albright did not deny all biopsy
surgery for brainstem gliomas. He mentioned the need for biopsy surgeries in
10-15% of brainstem gliomas with atypical MRI findings. Despite his detailed
description, the treatment modality of the MRI diagnosis followed by radiation
therapy stayed the mainstream of DIPG treatment, with a median survival of less
than a year or so for the last two decades [86—88].

The second impact hits at around 2010 when the role of biopsy surgeries was
reevaluated because inconsistency of MRI diagnosis of certain DIPGs appeared to
be acknowledged [89]. As histopathological heterogenesis of DIPG became more
recognized with the advancement of molecular diagnosis, a biopsy surgery has
emerged again as an indispensable procedure for the subsequent management of
DIPG [90-99]. Direct open biopsy with the use of BSM is desirable in selected
cases [93, 96]. On the other hand, less invasive stereotactic biopsy has become a
mainstream surgical procedure [100-102]. Presently, convection-enhanced delivery
(CED) has appeared in the limelight as a promising new treatment to break through
the dilemma of DIPG management [90, 103—106]. Again, stereotactic insertion of a
drug-delivering catheter with or without tumor biopsy is required for CED.

Any complications in the brainstem surgery could be severe damage to the
patient and should be avoided. The reliability and safety of stereotactic biopsy seem
acceptable. Diagnostic success was around 96%, morbidity was 7-8%, with perma-
nent morbidity accounting for 1-2%, and mortality rates less than 1% have been
reported [107, 108]. The role of ION in stereotactic brainstem biopsy has not been
established yet. However, the combined application of ION of BSM and the white
matter mapping could be a useful adjunct for the safe stereotactic brainstem surgery
[109, 110]. Figure 2.20 shows an example of a modified application of BSM (ste-
reotactic BSM) for a 59-year-old patient with a brainstem tumor. A specially ordered
stimulation electrode whose tip was uninsulated only 1/4 surface for the direction-
guide was inserted into a target point of biopsy. Electrical stimulation was delivered
to circumscribed structures in all directions at the target. Biopsy samples were
obtained from the direction that demonstrated negative mapping. The patient awoke
without neurological deterioration, and the pathology of the tumor was malignant
lymphoma. A recent paper reported a similar application of BSM during stereotac-
tic biopsy of brainstem lesions in nine patients [111]. The authors utilized a stimu-
lating probe which was integrated into a biopsy needle. Before the biopsy the
targeted site was electrically stimulated, and EMG response from CNMNs (VII,
IX/X, XII) and the muscles from extremities were monitored. The result sounds
intriguing because a targeted biopsy site was modified based on the evoked EMG
potentials after electrical stimulation in two out of nine cases. No postoperative
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Fig. 2.20 BSM during a stereotactic brainstem biopsy (stereotactic BSM). Left: BSM was carried
out at the target point in a pontine tumor. Right: Positive mapping from the right orbicularis oculi
muscle was recorded when the stimulation of BSM was directed at a lateral side of the target point.
Biopsy specimens were sampled from the medial side of the target point

complication developed in all patients. This new application of BSM for the stereo-
tactic biopsy of brainstem lesions seems a promising future ION procedure. Less
invasive surgery with more sophisticated ION procedures would bring safer than
ever brainstem surgery possible.

2.8 Summary

The present status and recent advancement of ION in brainstem surgery were
reviewed. Special attention was focused on BSM and the CBT-MEP monitoring.
The original idea of BSM on the floor of the fourth ventricle was expanded to the
wider definition of BSM on the surface of the brainstem. Negative mapping has a
clinical role in that the mapped site suggested a safe entry zone to the brainstem.
The modern ION procedure can reveal the brainstem’s functional surgical anatomy
and contribute to the safe brainstem surgery.

The evolution of ION procedures in brainstem surgery are still going on while
surgery of the brainstem is advancing with the introduction of skull base approaches
and the use of the latest MRI. However, surgery in and around the brainstem still
remains a challenge to surgeons even in the era of modern neurosurgery. Image-
guided neurosurgery can lead surgeons to reach the brainstem lesion very accu-
rately. However, only ION procedures can reveal distorted functional surgical
anatomy on the brainstem and enable monitoring of the functional integrity of
CMNs and the motor pathway. Functionally guided brainstem surgery based on the



50

N. Morota and V. Deletis

ION procedures is the critical armamentarium to perform such complex surgery
safely. It seems clear that integrated intraoperative application of mapping and mon-
itoring techniques provides the best chance of success in the brainstem surgery.
Further development of ION in the stereotactic biopsy of intrinsic brainstem lesions
is awaiting.
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