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Chiari malformation type 1 (CM1) includes various congenital anomalies that share ectopia of the cerebellar tonsils
lower than the foramen magnum, in some cases associated with syringomyelia or hydrocephalus. CM1 can cause
dysfunction of the brainstem, spinal cord, and cranial nerves. This functional alteration of the nervous system can
be detected by various modalities of neurophysiological tests, such as brainstem auditory evoked potentials,
somatosensory evoked potentials, motor evoked potentials, electromyography and nerve conduction studies of the

cranial nerves and spinal roots, as well as brainstem reflexes.
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| 1. Introduction

Chiari malformations (CMs) comprise a series of neurodevelopmental disorders characterized by a descent of the
cerebellar tonsils through the foramen magnum (FM) RIZEIEIE cM type 1 (CM1) was first described by the
Austrian pathologist Hans Chiari in two papers published in 1891 and 1895 2Bl Nevertheless, the term “Arnold-
Chiari malformation” must still be introduced to search in PubMed or other databases for the literature on this
abnormality. However, due to Arnold’s minor role in the original description, “Chiari malformation” is the most
extended eponym [, In Chiari’'s original description, four types of malformations were differentiated (CM1, CM2,
CM3, and CM4). CML1 is traditionally defined as a tonsillar descent of 3-5 mm below the FM, quantified in a mid-
sagittal section of magnetic resonance imaging (MRI). The choice of cut-off point for tonsillar descent (3 or 5 mm)
is somewhat arbitrary and varies depending on the criteria of the different authors [EBIEILOLLIZIS] C\ type 2
(CM2) is characterized by a descent of the structures of the brainstem or vermis below the FM and is always
associated with spinal dysraphisms (spina bifida) in addition to tonsillar ectopia. Patients with CM2 also present a
series of brain anomalies associated with spina bifida that are not observed in any other type of CM (gray matter
heterotopia, polygyria, and descended tentorium, among others). CM type 3 (craniocervical encephalocele) and

CM type 4 (cerebellar hypoplasia) 24! are severe malformations with a low incidence that most authors consider
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unrelated to CM1 and CM2. The recent International Consensus Conference recommended considering CM3 and

CM4 as separate entities 13,

Other variants of CM1 have been described as minor or major forms of CM1. In 1998, Iskandar et al. coined the
term “Chiari 0” (CMO0) to describe five pediatric patients with syringomyelia, no tonsillar herniation, and a “tight”
posterior fossa (PF), which improved after PF decompression. Subsequent studies by this and other groups have
confirmed this entity and observed a significant volumetric reduction in the PF and alterations in cerebrospinal fluid
(CSF) dynamics around the FM as the common etiopathogenic factor in CM0O. Some authors suggested the term
“tight cisterna magna” to define the same entity [L81(171[18](19]

An additional type, often not included in canonical classifications, is comprised of patients in which any type of CM
is associated with different osseous malformations of the craniovertebral junction (CVJ). In a previous paper,
scholars proposed the term ‘complex CVJ abnormalities’ when patients present tonsillar herniation and at least two
of the following abnormalities: a significant retroflexed odontoid, a basilar impression (Bl), platybasia, severe bone
abnormalities in the CO—C2 complex, uni- or bilateral occipital condyle hypoplasia, atlantooccipital assimilation, or
other abnormalities that condition an anterior compression of the cervical-medullary junction 2229 (Figure 1).
These patients need different clinical management and often require multiple surgical procedures (such as anterior

approaches and occipito-cervical fusions) 211,
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Figure 1. Patient with a complex craniovertebral junction (CVJ) malformation. This 17-year-old male with a

VACTERL association (https://rarediseases.info.nih.gov/diseases/5443/vacterl-association) (accessed on 5

October 2023)—a non-random association of congenital disabilities that affects multiple parts of the body—was
referred to the institution due to a Chiari malformation type 1 (CM1) detected as the patient presented recurrent
episodes of severe occipital headaches. The neurological examination was normal. The patient had CM1 with an
asymmetrical tonsillar descent 11 mm below the McRae line. (A) T1l*weighted sagittal midline image; (B)
T2*weighted sagittal, and (C) T2*weighted coronal slices; (D,E) three-dimensional CT reconstruction of the CVJ.
White asterisks in (B,C) indicate the right cerebellar tonsil. The patient presented complete assimilation of the
anterior and posterior C1 arches with an associated C2—C3 fusion and partial agenesis of the right C2 lamina. CO:
posterior part of the foramen magnum. C1 labels the right lateral mass of the atlas. The red arrow in (D) shows the
assimilated posterior C1 arch. Arrow in (F) indicates the valve (Polaris® adjustable valve, Sophysa, Orsay, France)
of a ventriculoperitoneal shunt implanted one month before because of hydrocephalus. This patient was treated
with halo-vest stabilization for three weeks, followed by a one-step surgical procedure in which a posterior fossa

reconstruction was conducted and instrumented occipito-C4 posterior fusion with bone-bank allograft (F).

A common feature of CMs is that the cerebellar tonsillar descent causes compression of the neural structures and
hinders CSF passage at the cervico-medullary joint, being able to alter brainstem and upper spinal cord function.
This neural structures compression may generate dysfunctions in brainstem pathways, cranial nerve nuclei, or their
exit from the brainstem, sleep-regulating regions, and cardiorespiratory centers [22. The frequent association of
syringomyelia with any form of CM can induce additional damage to the spinal cord and the spinal roots that
emerge from the gray matter. These functional alterations of the nervous system can be detected by multimodal
neurophysiological tests: brainstem auditory evoked potentials (BAEPS), somatosensory evoked potentials (SEPS),
motor evoked potentials (MEPs), electromyography (EMG) of the cranial nerves/spinal roots, and brainstem

reflexes.

| 2. Exploring Brainstem and Spinal Cord Functionality
2.1. Brainstem Auditory Evoked Potentials (BAEPS)

BAEPs were first described in humans in 1970 23, They allow the recording of a series of five to seven positive
electrical signals generated in response to sounds, each of which has a well-defined electrical generator 2924I:
because waves VI and VII are not constant in the healthy population, they are not routinely evaluated. BAEPs
explore the functional integrity of a limited portion of the brainstem, both in the rostrocaudal direction—from the VIl
cranial nerve entry at the pontomedullary junction to the upper part of the pons-midbrain—as well as in the
transversal plane. The ventral part of the brainstem is not explored with BAEPs. It is widely accepted that
alterations in waves | to Il reflect the involvement of neural structures ipsilateral to the auditive stimulation. In
contrast, abnormalities in the amplitude or latency of waves IV and V indicate contralateral structural impairment
(241 BAEPs can be abnormal in several processes: (1) peripheral auditory pathology (conductive or cochlear
hearing loss); (2) primary anatomical modifications of the brainstem due to congenital pathologies (CM, Joubert

syndrome, Dandy—Walker syndrome, etc.), or secondary (vascular, tumor, demyelinating, or degenerative); (3)
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anoxia and ischemia; and (4) intracranial hypertension with transtentorial herniation 29, Due to the close
relationship between the cranial nerves and the brainstem, BAEPs are routinely used in IONM and are important in

surgical procedures in which the brainstem and cranial nerves are at risk (22!,

2.2. Somatosensory Evoked Potentials (SEPS)

SEPs explore the conduction of the electrical impulse through the lemniscal or dorsal column system, collecting the
integrated responses obtained at different anatomical levels after applying a repetitive electrical stimulus on a
peripheral sensory nerve or the sensory portion of a mixed nerve—usually the median nerve (MN) for the upper
limbs and the posterior tibial nerve (PTN) for the lower limbs. In addition, other nerves, such as the cubital,
trigeminal, saphenous, or pudendal, can be explored [281271[281[29] SEPs explore the somesthetic pathway from the
peripheral nerve, preganglionic or postganglionic plexus, roots, spinal cord, brainstem, thalamus, and
suprathalamic structures 29, In anoxic or traumatic coma, they are useful for evaluating cortical and subcortical
function. SEPs are now routinely used in the IONM of surgical procedures with a risk of damaging structures that
generate and transmit the electrical signal 22, In addition, ‘dorsal column mapping’ has also been introduced to

guide the surgical team in procedures with a risk of spinal cord damage [B231],

Cutaneous heat stimulations with a laser beam can selectively activate thermoalgesic A-delta and C nociceptors,
leading to the generation of laser-evoked potentials (LEPs) in the cortex 233l | EPs have been recognized as
reliable neurophysiological tools for investigating neuropathic pain B4, Pure spinothalamic lesions, such as
syringomyelia, brainstem syndromes, or small fiber neuropathy, are characterized by normal SEPs but abnormal
LEPs [33135] However, spinal injuries involving the cervical or lumbar dorsal horn can also alter or abolish
components of classical SEPs, such as N13 or N22 [2236] Despite their potential utility, LEPs have not been widely
adopted due to technical difficulties, the need for skilled personnel, and associated risks like skin burns and
hyperpigmentation. Contact heat evoked potentials (CHEPS) have emerged as a safer alternative to LEPs and are

easier to use but require patient cooperation and are unsuitable for IONM 2],

2.3. Motor Evoked Potentials

The term “motor evoked potentials” refers to potentials recorded from muscle or nerve after stimulation of the
primary motor areas in the CNS. MEPs are the responses obtained along the spinal cord, peripheral nerve, or
muscle by stimulating the central motor paths (spinal cord or cerebral hemispheres) using either transcranial
magnetic stimulation (TMS) or electrical stimulation. Electrical stimulation is utilized routinely for IONM, whereas

magnetic stimulation is generally used for diagnostic studies in awake patients because of its better tolerance.

TMS is carried out using coils of different magnitudes and shapes. A magnetic field applied via the skull induces a
stimulus in the underneath brain with minimal current affecting the skin and subcutaneous tissue. For lower
extremity MEPs, the coil is placed in the Cz area; for the upper limb, it is just lateral to this reference. Per
peripheral recordings, three MEP characteristics are employed: latency, amplitude, and threshold. MEP amplitude
is highly variable but is generally considered abnormal if it is less than 20% of the compound muscle action

potential (CMAP) amplitude obtained on peripheral neurography 28l Central motor conduction time (CMCT) is the
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most commonly used parameter to identify CNS disorders 9 and is calculated by subtracting the latency of spinal
MEPs from the latency of cortical MEPs 49, TMS MEPs are used to study central demyelinating disease,

motoneuron disease, epilepsy, movement disorders, ataxia, myelopathies, neuropathies, and radiculopathies 4.

In order to elicit an MEP by transcranial electric stimulation (TcMEP) for IONM, subcutaneous electrodes are
positioned on the scalp in C1-C2 or C3-C4 (10-20 EEG International System). In general, a 50% reduction in
amplitude from the average baseline value during surgery is considered significant and a warning sign of damage

to the corticospinal tract. Similarly, corticobulbar motor evoked potentials (CoMEPS) elicit cranial nerve responses
[42],

2.4. Electromyography and Nerve Conduction Studies

Practically all primary neuromuscular disorders cause changes in the electrical activity recorded in muscle fibers.
These changes can best be explored employing needle electrodes introduced into the muscle to record free and
voluntary electromyography (EMG). EMG is a technique that is basic for the diagnosis of motor unit disorders,
involving anterior horn cells, peripheral nerves, neuromuscular junctions, and muscles. EMG complements nerve
conduction studies (NCS) in localizing neuromuscular disorders ¥4l Normal muscle fibers at rest show no
spontaneous electrical activity except in the end-plate region. Voluntary muscle activity is produced by the lower
motor neurons and their corresponding innervated muscle fibers that form the ‘motor unit potentials ‘(MUPS). The
extent and distribution of the EMG patterns allow us to define the type and severity of the disease, its stage, and

the anatomical location of the lesion 29,

EMG is also used in IONM via continuous free-run and stimulated EMG. Free-run EMG records spontaneous
muscle activity in real time to detect surgically induced mechanical irritation of the peripheral and cranial nerves
before irreversible damage may occur. Stimulated EMG consists of electrically stimulating the peripheral motor
nerves or roots registering in the corresponding muscles and can be used to localize peripheral or cranial nerves

that are difficult to distinguish from tumors, fibers, or fatty tissues 431,

2.5. Brainstem Reflexes

Blink reflex. The blink reflex (BR) is the neural response obtained in the orbicularis oculi muscle after stimulating
the trigeminal nerve with electrical, mechanical, or other stimuli. The BR is the most widely used brainstem reflex in
clinical practice. The trigeminal BR is mediated by the first division of the trigeminal nerve (afferent branch) and
facial nerve (efferent branch). In normal individuals, two responses (R1 and R2) are obtained when recording from
the ipsilateral muscles to the stimulated nerve, and a single (R2) response is obtained from the contralateral
muscles 4. R1 is constituted by the oligosynaptic reflex arc, which includes trigeminal afferents, brainstem
connections between the sensory part of the trigeminal nucleus, the motor nucleus of the facial nerve, the facial
nerve proper, and the orbicularis oculi muscle. The R2 component has polysynaptic connections within the

brainstem but has the same afferent/efferent pathways as R1. BR is useful in the study of trigeminal and facial
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nerve lesions, peripheral neuropathy, posterior fossa lesions, multiple sclerosis, and extrapyramidal diseases 42,

Under general anesthesia in the operating room, only the R1 response can be recorded [48147]48][49]

Trigeminal-hypoglossal reflex. Brainstem trigeminal-hypoglossal reflexes (THRs), also known as jaw-tongue
reflexes, coordinate the tongue’s position in the mouth during chewing, swallowing, vocalization, and breathing.
Recently, a novel methodology for obtaining jaw-opening THR of the brainstem under general anesthesia has been
described. This technique could be helpful for the intraoperative monitoring of surgeries involving the trigeminal,

hypoglossal nerves, and lower brainstem lesions; however, further studies are still required to validate it LABL52]
(53][54]

H reflex in the masseter muscle. The H reflex in the masseter muscle is a monosynaptic trigeminal—trigeminal
reflex transmitted through the mesencephalic nucleus of the trigeminal nerve. It reflects conduction through the
midbrain and the median pons B2IB8I57. |t can be helpful in studying patients with brainstem or trigeminal lesions,
and can be obtained under general anesthesia, thus representing a new method for intraoperative monitoring,

especially for lesions involving the midbrain and pons.

3. Neurophysiological Limitations in the Developing Central
Nervous System

Neurophysiological test references change during the maturational process of the CNS and, therefore, exhibit
some peculiarities according to the patient’s age. In full-term newborns, the most reproducible waves in BAEPs are
l, 11, and V B8, However, unlike adults, it is normal for wave | to have a greater amplitude than complex IV/V. The
myelin maturation process shortens the latency of the successive waves and the central conduction time (CCT or I-
V interval). It has also been demonstrated that the auditory pathway responsible for generating the first and last

components of BAEP responses matures at a different rate 22,

A similar process occurs in SEPs; the maturation of peripheral segments of the sensory pathway progresses more
rapidly than that of central segments. N9 latency—brachial plexus potential—shortens during the first year of life
and subsequently increases as the patient’'s size increases. The N9-N11 interval—conduction between the

brachial plexus and the dorsal column—decreases with age.

Independent of the changes described, the motor stimulation threshold is higher in children than in adults under 18
years of age [89 CMCT is a dependent value of CNS maturation but has different times. For example, with
relaxation (resting motor threshold), children reach adult values approximately at the age of ten; however, with

facilitation (active motor threshold), they reach normal values at two years of age [6Y61],

When evaluating peripheral nerves in children, the myelination process also affects parameters commonly used for
assessing NCS [#2 For instance, conduction velocity increases in proportion to nerve fiber diameters and the
distance between the nodes of Ranvier, achieving faster motor and sensitive velocities with growth; distal latencies

and amplitudes also change.
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The LAR in children is vital for airway protection. In humans, the larynx descends from the neck at 4-6 months.
This descent coincides with the transition from obligatory nasal breathing in infants to facultative nasal or oral
breathing in adults. It is possible that alterations in this transition are related to sudden infant death syndrome,

whose frequency is maximum at the same age at which laryngeal descent is completed (4 to 6 months) 631641,

4. Follow-Up Neurophysiological Studies in Patients with
CM1

4.1. Brainstem Auditory Evoked Potentials

To our knowledge, the first paper was published in 1983 by Stone et al. 63l describing BAEP findings in a 16-year-
old boy with CM2 and symptoms suggestive of brainstem involvement and neuroimaging revealing brainstem
compression. The authors diagnosed CM2; however, as the reported patient did not have any visible spinal lesion,
it believes that CM1.5 was the most likely diagnosis 13l BAEPs were abnormal bilaterally, with 1-V interpeak
latency (IPL) prolongations and no visible wave Il identified upon stimulation of the right ear. The patient
underwent bilateral posterior fossa decompression (PFD) and cervical laminectomy. Six months later, he presented
neurological improvement and bilateral normalization of his BAEPs. A few authors have also described case
reports with retrocochlear findings in the BAEPs of CM1 patients, in both adults 88671 and children (68169,

In 1999, Hort-Legrand and Emery L9 reported 79 patients with syringomyelia, of which 48 cases were associated
with CM1. BAEPs were abnormal in 13 of the 59 patients studied, and the most frequent finding was prolongation
of the I-V IPL, more often unilaterally. Another study on syringomyelia and CM1 A1 found that BAEP abnormalities

had a better correlation with clinical and radiological findings than SEPs.

4.2. Somatosensory Evoked Potentials

In 1986, Anderson et al. 22 described the SEPs of nine syringomyelia patients, eight with associated CM1. The
most frequent findings were unilateral or bilateral decrease or absence of the cervical potential. In all but one
patient with CM1 and syringomyelia, an increased or asymmetric CCT was found; in 1988, Forcadas et al. reported

similar results [Z31,

Moncho et al. found that SEPs were altered in 43.5% of CM1 patients. The most common finding in MN SEPs was
an increase in N13-N20 IPL, while for PTN SEPs, it was an increase in N22-P37 IPL, sometimes associated with
an abnormal cervical response. In a logistic regression model, only age and tonsillar herniation degree showed
statistical significance for predicting abnormal SEPs. These results indicated a higher chance of obtaining
pathological SEPs in older patients with greater tonsillar descent 2274 recently, Guvenc et al. described similar
findings (23,

4.3. Motor Evoked Potentials
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Few authors have described TMS MEP alterations in patients with CM1, most of them with syringomyelia. The

most frequent findings were increased CMTCs [ZAZEI77I[78],

Referring to pre- and post-surgical MEP evaluations, Cristante et al. Z9 described the MEP findings in eight CM1
patients. Preoperative TMS MEPs showed that functionally impaired muscles exhibited neurophysiologic
abnormalities, and even one patient without any motor deficits had abnormal MEPs. Interestingly, the postoperative
functional motor recovery of five of the eight patients—mostly partial—was not reflected by a similar improvement
in MEPs.

4.4. NCS, EMG, and Other Peripheral Nerve Studies

In 1992, Gerard et al. described the case of a five-year-old girl—with CM1 and Bl—admitted due to insufficiency of
the soft palate B2, EMG activity was recorded bilaterally in the levator palatini and anterior faucial pillars, showing
ample biphasic or polyphasic action potentials at rest (probably spontaneous activity). When the child cried, the
frequency of these potentials increased poorly, and recruitment was impaired. Clinical examination and EMG

findings led to a suspicion of denervation of the 1X, X, and XI cranial nerves.

CM1 should be a differential diagnosis in patients with adult dysphagia onset requiring MRI examination, even
when presenting with “typical” lower motor neuron signs in bulbar muscles. SEPs, NCS, and EMG can help

diagnose these cases [81],

In patients with CM1 and associated syringomyelia, NCS and EMG are useful in detecting anterior horn affectation
caused by the syringomyelia. This syndrome characteristically presents with spontaneous activity while performing
needle EMG if acute or denervating activity occurs, with large, polyphasic (neurogenic) MUPs, reduced voluntary

recruitment, and normal sensory nerve conductions [E21[83][841[85][86][87]

4.5. Brainstem Reflexes

We only detected two reports regarding CM1 follow-up with brainstem reflexes, specifically, the blink reflex.
Amoiridis et al. [88] reported a case of a 25-year-old man with CM1 and holocord syrinx. They performed the BR
that showed RI absent bilaterally and R2 latency with left-side stimulation prolonged on both sides, even though the
patient did not present any anomaly in clinical cranial nerve exploration. Jacome, in 2001, described four CM1
patients presenting with blepharoclonus, one with altered R1, two with altered R2, and one with normal BR. Also,

facial EMG showed complex repetitive discharges of the right mentalis muscle in one patient [,

| 5. Intraoperative Neurophysiological Monitoring in CM1
5.1. Posterior Fossa Surgery

The role of intraoperative neuromonitoring (IONM) during PF surgery for CM1 is controversial, and there is still no

consensus on the usefulness of the technique for the prevention of new neurological deficits nor on the most

https://encyclopedia.pub/entry/50536 8/17



Neurophysiology in Managing Patients with Chiari Malformations | Encyclopedia.pub

effective modality to use. Anderson et al. studied changes in intraoperative BAEPs and SEPs in 11 pediatric
patients during suboccipital decompression for CM1. BAEP conduction times were compared at four surgical
stages: (1) before and (2) after positioning, (3) after craniotomy, and (4) at the end of durotomy. Their data
indicated that significant improvement in conduction times occurs after bony decompression and division of the
atlantooccipital membrane rather than after dura opening. They also highlighted the risk of altering SEPs and

BAEPs during positioning 29,

In 2012, Chen et al. analyzed BAEP and SEP parameters in 13 consecutive pediatric patients who underwent
suboccipital decompression to treat symptomatic CM1. They recorded the MN SEP, PTN SEP, and BAEP latencies

at four stages: preoperatively, following craniotomy, following durotomy, and following closure 221,

The largest pediatric population series—with 156 patients—was reviewed in 2015 by Kennedy et al., in children
with PFD but not dural opening 22, IONM with SEPs and BAEPs was performed before and after prone positioning
and during surgery. They found that 78% of patients exhibited significant BAEP conduction time improvement after

bony decompression. SEPs were used to assess the lack of problems with patient positioning during surgery.

5.2. Surgery for the Direct Treatment of Syringomyelia in MC1

The first articles about IONM for syringomyelia in CM1 patients were published by Milhorat et al., with 32
syringomyelia patients (21 with CM1). IONM with MN SEPs demonstrated a significant decrease in N20 latency
and a nonsignificant increase in N20 amplitude 30 min after syrinx decompression. They concluded that the
improvement in N20 latency was indirect evidence of preexisting long tract compression. However, these
conclusions are questionable in patients with CM1, in whom SEP improvements may have been caused, in part, by

previous PF surgery [231194],

5.3. CM1 in Scoliosis Surgery

The relationship between Chiari malformation syrinx and scoliosis has been widely reported [23I[961971(98] The
associated percentage of scoliosis fluctuates from 15 to 50% in patients with Chiari malformation RJIO0101] There
is a potential risk from scoliosis surgery in patients with syringomyelia-associated scoliosis, which might be higher

with longer and wider syrinxes.

5.4. Exploratory Research on the Subject

In the first, craniocervical hinge—22 CM1 patients—participated in the study. The authors concluded that the
function of each of the XI CN rootlets appears to be specific. Thus, the cranial root contributes, separately from the
spinal root to the innervation of the vocal folds, which makes it a specific entity. The spinal root innervates the
sternocleidomastoid and trapezius muscles with a craniocaudal motor organization of its cervical rootlets.
Giampicolo et al. conducted an exploratory and preliminary study on cerebello-cortical stimulation in 10 patients
undergoing PF surgery, one of them with CM1. A third of children undergoing cerebellar resections can present

cerebellar mutism. According to recent evidence, it is suggested that this may arise from damage to cerebellar
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efferents, either uni- or bilaterally, affecting the cortex along the cerebello-dento-thalamo-cortical pathway. There is

currently no neurophysiological technique available to intraoperatively monitor this pathway.
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