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Abstract

Chiari Malformation 1 (CM1) surgery is as challenging as understanding
its intricate pathophysiology. Syringomyelia (SM) which is often present
and is closely related to the pathophysiology of CM1 makes surgery
formidable. The pathology of CM1 poses challenges at every step in its
entire perioperative period. Among many postoperative complications,
respiratory arrest or respiratory distress is a relatively uncommon yet
devastating one. Several factors may lead to postoperative respiratory
problems which can be fatal. Understanding the intricate pathophysiology
of the respiratory problem in CM1 is important. Here we discuss the
probable pathophysiologies and an effective way to minimize those by

being meticulous in the peroperative positioning of the patient.
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Highlights

1. Surgery of Chiari Malformation 1 (CM1) is challenging.

2. Postoperative respiratory problems are relatively uncommon following
CM1 surgery. But that may prove fatal.

3. Understanding the intricate pathophysiology of respiratory problems in
CM1 is important.

4. The simple technique of meticulous peroperative positioning of the CM1

patient can prevent postoperative respiratory complications.

Abbreviations list

BAEP:
CM1:

Brainstem auditory evoked potential

Chiari Malformation 1

CSF:  Cerebrospinal fluid

CVJ:  Craniovertebral junction

iMRI:  Intraoperative magnetic resonance imaging
PFD:  Posterior fossa decompression

POD: Postoperative days

SM: Syringomyelia
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Introduction

Chiari Malformation 1 (CM1) has remained as enigmatic
as ever since its first description and surgery has become
more challenging, particularly with the gradual unveiling of
newer aspects of its pathology. With a better understanding
of the pathology, the outcomes are faring better. However,
even with the advent of modern technologies and the
adoption of newer techniques, the outcomes are often
under par. The primary goals of surgical treatment for CM1
are mainly to restore cerebrospinal fluid (CSF) flow and
reestablishment of CSF dynamics. Additionally, surgery
also helps in relieving pressure on the brainstem and upper
spinal cord at the craniovertebral junction (CVJ). Even
with all the available facilities and precautions, unexpected
complications may happen at times and can be upsetting
for the surgeon. Postoperative respiratory arrest is one
such disappointing situation that may jeopardize the life
of the patient disappointing the surgeon. Respiratory arrest
following posterior fossa decompression (PFD) for CM1 is
a rare yet devastating event and most of the depictions in the
literature addressing this are mostly case reports.

Generally, without any history of previous respiratory
dysfunction, postoperative respiratory problems in CMI
patients are uncommon. However, direct or indirect injury
to the brainstem may lead to respiratory problems following
CM1 surgery. Other than direct intraoperative handling,
postoperative edema or ischemia of the brainstem are other
important causes of sudden and immediate worsening of
patients from respiratory problems. Secondary injury to the
brainstem from compression by postoperative hematoma,
new herniation, or cerebellar ptosis may also cause respiratory
problems. Postoperative acute obstructive hydrocephalus
may also result in respiratory distress.

Many factors may contribute to the development of
respiratory problems in CM1 patients which are directly or
indirectly associated with CM1. Positioning of the patient
during surgery is an important factor that may contribute
to postoperative respiratory arrest. The importance of
peroperative positioning of CMI1 patients regarding
respiratory problems, whether the patient has respiratory
problems preoperatively or not has been discussed little. The
pros and cons of positioning CM1 patients during surgery to
prevent postoperative respiratory arrest are discussed here.

Postoperative respiratory problems of CM1
patients

With the advent of modern technologies and early
detection, the occurrence of respiratory problems has reduced
remarkably. Improvement of spectrums of respiratory
problems following surgery for CM1 is well documented in
the literature. Many case reports as well as findings of cases
in series can be found.
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It is well established that many CM1 patients having
respiratory problems can benefit from posterior fossa
decompression [1]. Several authors have described reports of
improvement in sleep apnea following surgical decompression
in CM1 patients [2-4]. Improvement of respiratory status has
been seen in many patients of CM1 after decompression [5].
Florid respiratory distress has also been seen to improve
after PFD in CM1 patients [6]. Even patients presenting with
respiratory arrest have been reported to have improved and
living an independent life [7,8].

There may be persistence or worsening of respiratory
dysfunctions in patients of CM1 following posterior fossa
decompression, particularly in those who have preoperative
respiratory problems. However, there are descriptions of
postoperative worsening of respiratory problems even in those
CM1 patients who did not have any symptoms preoperatively.
Descriptions are mostly in case reports, and the representations
are diverse. Respiratory disturbances are not uncommon in
postoperative CM1 patients following the common PFD or
some other procedure like Gardner’s procedure with Obex
plugging. Sudden respiratory arrest at surgery during obex
plugging has also been reported [9]. Following PFD for CM1,
respiratory depression was found to be the most frequent
complication in one series most of which occurred mostly at
night within the 5th postoperative days (PODs) where one
patient died from sleep apnea following surgery [10]. Reports
of sudden death long after surgical decompression for CM1
with a history of respiratory dysfunction and persistent sleep
apnea can be found in the literature. Death from aspiration
pneumonia following surgery and sudden respiratory arrest
with a history of sleep apnea have also been described [8,11-
13]. A patient with diurnal and exercise-induced hypercapnia
and nocturnal alveolar hypoventilation has been reported
[14].

Pathophysiology of respiratory complications
associated with CM1

Respiratory dysfunctions in CM1 patients may present
in diverse forms and each has its pathophysiological
postulation. Generally, automatic and voluntary neural
mechanisms regulate respiration. The activities of the
medullary respiratory centers, functions of the lower cranial
nerves, signals from the chemoreceptors of the carotid and
aortic bodies, and actions of the respiratory muscles work
in unison to maintain smooth respiration in synchrony. The
anatomical and/or functional impairment of any of these alone
or in combination poses the risk of respiratory dysfunction
in any form. Several of the important mechanisms that play
a role, singly or in combinations, in developing respiratory
dysfunction in postoperative CM1 patients are considered
very briefly below.
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Brainstem compression

Respiratory problems in CM1 patients may ensue from
damage to the respiratory centers in the medulla oblongata by
compression of the ectopic tonsils, either by direct physical
compression or by ischemia from prolonged pressure. This
can also result in dysgenesis of neural structures, particularly
the reticular activating system [1,7,14-19]. Sudden
respiratory deterioration may occur due to direct handling
during the surgical procedure. This may result from the loss
of respiratory center neurons which are already compromised
from congenital deformity or lengthy compression [20,21].
New damage to the brainstem may result from postoperative
cerebellar ptosis also. Too large a craniectomy may
cause cerebellar ptosis which in turn may lead to further
compression on the already sore brainstem and upper cervical
cord to cause catastrophic respiratory arrest [22]. Necropsy
studies have shown vascular changes as well as ultrastructural
malformations in the brainstem of CM 1 patients which can be
attributed to respiratory dysfunctions in these patients [23].
The overall changes altogether may act in concert to diminish
the general responsiveness of the brainstem and ultimately
affect the central respiratory drive.

Brainstem clefting

The pressure discrepancy between the cranial and spinal
CSF compartments in CM1 tends to disrupt the descending
tract of the trigeminal nerve, the nucleus tractus solitarius,
and the nucleus ambiguus by creating clefts in the floor of the
fourth ventricle. Although the patient may be asymptomatic,
the resultant autonomic disturbance may lead to postoperative
respiratory depression [24].

Brainstem haemorrhage or infarct

Disordered ventilatory control in CM1 may result from
medullary hemorrhages. This may happen from possible
venous congestion in the restrained posterior fossa.
Occasionally there can be infarction from altered blood
supply due to long-standing compression on the medulla
compromising its blood flow which may predispose to altered
respiratory control [1,10,16,18].

Lower cranial nerve palsy

Dysfunction of the lower cranial nerves, the IX, X, and XI
in particular, which maintain the patency of the upper airway
makes the CM1 patients vulnerable to obstructive apnea due
to stretching of these nerves. Traction of the glossopharyngeal
nerve also impairs peripheral chemosensitivity as the afferent
input from the carotid bodies is conveyed to the medulla by
this nerve and affects respiration. Impairment of lower cranial
nerves would increase the risk of aspiration. Consequently,
pneumonitis in CM1 patients is another common cause of
respiratory distress as the lower cranial nerves are involved
in the protective upper airway reflex [1,11,13,16,18,19].
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Autopsy findings of damage to the cranial nerve nuclei by
compression and stretching of the vagal nerve in CMI1
patients also support this [23].

Diminished respiratory reserve

CMI1 patients often show very poor respiratory reserve.
This can be attributed to the impaired function of the phrenic
nerves or the dysfunction of the respiratory centers [11]. The
poor tone and weakness of the respiratory muscles resulting
from syringomyelia (SM) or scoliosis may also contribute to
poor respiratory reserve.

Respiratory muscle weakness

Weak respiratory muscles, another feature related to
respiratory problems in CMI1 patients, result from the
associated SM which mostly compromises the upper cervical
spinal cord. The compromised diaphragmatic function and the
increased thoraco-abdominal muscle tone play a substantial
role in producing respiratory problems in this set of patients
[6,11,13,17,25].

Respiratory circuit problem

Dysfunction of the reticular activating system from
compression of the brainstem results in the syndrome of
afferent respiratory dysfunction in some CM1 patients. The
fine adjustments of the respiratory servo mechanisms by
the normal facilitatory and modulatory feedback pathways
are lacking in these patients causing respiratory problems
[11,26].

Loss of chemical influence

Any stretching of the afferent neural pathways of the
carotid body chemoreceptors, which act through the IX
nerve mainly to carry stimuli from the carotid bodies to the
medulla, may lead to the loss of sensitivity of the peripheral
chemoreceptors. Ultimately that would manifest as reduced
responsiveness to hypoxia or hypercapnia affecting the
central respiratory drive to blunt the ventilatory response
[14,15,19,27-30]. CSF pressure imbalance may also partially
disrupt the nucleus tractus solitarius which acts as the primary
relay center to the medulla from the aortic and carotid body
chemoreceptors [24].

The syndrome of afferent respiratory dysfunction

Postoperative respiratory deterioration may result from
the syndrome of afferent respiratory dysfunction. In this
condition, the respiratory servo mechanisms fail to make
fine adjustments owing to a lack of normal facilitatory and
modulatory feedback pathways. Consequently, despite
respiratory dysfunction, preoperatively the gross responses
are managed satisfactorily to portray the routine blood gases
and vital capacity deceptively within the normal ranges.
But, provoking issues like general anesthesia, trauma from
surgery, changes in the inspired CO, mixture, or narcotics
lead to postoperative respiratory deterioration [11].
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Aspiration pneumonia

Compression and dysfunction of the medulla causing
lower cranial nerve palsy leads to loss of pharyngeal sensation
and gag reflex. Impairment of the vagally mediated protective
upper airway reflex also fails to maintain airway patency, all
of which cumulatively aid in aspiration [1,13,25,31]. CM1
patients may also be at risk of pulmonary aspiration leading
to aspiration pneumonia from delayed gastric emptying as a
result of autonomic dysfunction. Aspiration pneumonia may
also result from impaired deglutition due to reduced upper
airway reflexes [24].

Alterations in anatomy, physiology, and pathology
of the brainstem with changes in the position of the
neck

The positional relationship of the brainstem and the
tonsils around the CVJ in CM1 is critical throughout the pre,
per, and postoperative periods. The herniated tonsils always
pose a risk of injury to the brainstem in one way or the other.
It seems that the soft tonsils themselves would not harm the
brainstem directly much, but the constant pressure that they
exert on the brainstem and the disruption of CSF flow and
dynamics at the CVJ that they bring about take a toll with
time. Additionally, the normal movement of the neck also
produces anatomical and physiological changes building
a cumulative morbid state endangering the functions of the
brainstem.

During surgery of CM1, for the convenience of surgery
and adequate access to the CVJ to perform the PFD, the
patient is generally placed prone with gentle neck flexion
to approximately 1-2 finger breadths between the chin and
chest [32-34]. Anatomically, there is no scope for change in
the diameter of the foramen magnum in the intact anatomy
whatever the patient's position is. However, there are ample
possibilities for changes in different parameters of the CVJ
with the movement of the neck like in flexion compared to
the neutral position. Reductions in the distances between the
tip of the dens to the basion, opisthion, and cranial border of
the posterior arch of the atlas have been documented during
flexion compared to the neutral position. The distances
between the basion and both the lower border of the arch of
the axis and the most prominent point of the posterior arch
of the atlas also lessen during flexion of the neck than in
the neutral position [35]. Intraoperative magnetic resonance
imaging (iIMRI) has demonstrated significant improvement in
CSF flow through the foramen magnum dorsal to the tonsils
by positioning the patient in the prone position with gentle
neck flexion. A mean of 1.0 mm increase of anatomical space
dorsal to the cerebellum with CSF flow increase has been
recorded by intraoperative cine MRI in flexion, compared
to the supine position. However, in the prone position, the
anatomical space ventral to the tonsils reduces by a mean
of 0.4 mm with a reduction of CSF flow [34]. Brainstem
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auditory evoked potential (BAEP) can precisely assess the
conduction in the dorsolateral regions of the brainstem. With
intraoperative BAEP monitoring of the CM1 patients, it has
been found that I to V IPLs of BAEP show significantly
increased conduction time as the patients are turned prone
with gentle neck flexion for surgery. However, significant
improvement in conduction through the brainstem is well
appreciated in intraoperative BAEP readings just after
bone decompression in CM1 patients [32,33]. In addition,
respiratory function may often be further jeopardized by
the collective effects of laryngeal edema, laryngo-bronchial
secretions, and loss of pharyngeal sensation [6,11,13].

Discussion

Most of the respiratory problems in CM 1 patients improve
following surgery, However, on rare occasions, respiratory
arrest following surgery may prove fatal. Therefore,
peroperative precautions to take care of the brainstem in
CMI patients during surgery are important in preventing
and minimizing respiratory dysfunctions in the postoperative
period. In our initial days, we faced the death of 2 patients
from respiratory arrest following PFD for CM1. We became
very concerned about the respiratory problems and other
postoperative complications and tried to find a solution. From
our experience, we realized that positioning the patient during
surgery, particularly the extent of neck flexion, is a crucial
part of the surgery in preventing postoperative respiratory
complications.

All the possible pathological mechanisms, singly or
in multiple combinations, may result in different kinds of
respiratory dysfunctions like central apnea, obstructive
apnea, bradypnea, hypopnea, respiratory failure, and even
respiratory arrest, both preoperatively and postoperatively.
Whatever the pathology behind the spectrums of respiratory
problems in CM1 patients is, ultimately all are caused by the
dysfunction of the brainstem. The respiratory centers are in the
medulla around the CVJ, and CM1 being a pathology around
the CVJ has the potential to produce respiratory symptoms in
various forms. In CM1, the preexistent jeopardized medulla
is constantly exposed to compression of the herniated tonsils
and the Valsalva maneuver continually endangers it to
repeated hypoxia. If the neck is flexed, even minimally, the
already compromised area around the CVJ becomes more
vulnerable than in a neutral position as the herniated tonsils
compress the brainstem further. The brainstem, harboring
the respiratory centers, which is already compromised, is
jeopardized more, both mechanically and functionally by
positioning the patient in the prone position with the neck
flexed, no matter how little that is. The situation worsens
further if the flexion is more or is for too long. All these
anatomical and physiological alterations play role in unison
to impair the function of the already compromised brainstem.
These all together hamper the functions of the respiratory
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centers in the brainstem, particularly the medulla to produce
respiratory problems postoperatively if the patient is kept
in the prone position with the neck flexed for long during
surgery.

Reduction in the lengths of different parameters in
combination contributes to the reduction of an overall
reduction in the canal diameter of the upper cervical region
and around the CVJ in flexion compared to the neutral
position, whether be it as part of the natural movement of the
neck or be it a part of the positioning of the patient during
surgery. The changes in different parameters around the CVJ
surely expose the brainstem to extra compression additional
to the long-standing posterior compression by the herniated
tonsils. Although intraoperative cine MRI demonstrated the
increase in CSF flow posterior to the tonsils by positioning
the patient prone with flexion of the neck, there is concurrent
reduction of the CSF flow anteriorly, ultimately producing
compression on the brainstem on the ventral aspect. The bony
compression on the brainstem from the front is often ignored
but that needs to be considered seriously. Particularly, during
flexion of the neck, whether a part of normal movement or a
part of the prone position for surgery, the brainstem is kinked
against the lower part of the clivus at the anterior margin of
the foramen magnum. The brainstem, which is constantly
compressed posteriorly by the tonsils is subjected to anterior
compression in a prone position exposing it to a double-
edged sword whenever there is movement of the neck. The
findings of intraoperative BAEP monitoring demonstrate that
the brain stem is in a compromised state by the compression
of the herniated tonsils at the tight cervico-medullary junction
in CM1 patients. The intraoperative BAEP findings confirm
that the flexion of the neck during positioning for surgery,
further jeopardizes the brainstem during positioning, risking
additional neurologic injury. Moreover, the compression
on the brainstem exaggerated by positioning the patients in
the prone position would always endanger the respiratory
centers jeopardizing the respiration of the patient leading to
respiratory problems, and even risking death from respiratory
arrest. The added compression on the brainstem in the prone
position with the neck flexed always would have the risk of
ischemia and edema of the brainstem. The ischemia or later
edema has the definite possibility of hampering the functions
of the respiratory centers. Even if ischemia or edema do not
cause immediate respiratory arrest, later they definitely would
compromise the functions of the respiratory centers leading
to the late development of respiratory problems.

The combined effects of reductions of different anatomical
parameters around the CV]J, reduction in space anterior to the
brainstem, and reduction in neurophysiological conductivity
of the brainstem understandably indicate that there is added
compression on the brainstem when the neck is flexed during
positioning of the patient for surgery. All these anatomical,
physiological, and pathological alterations initiate a 3-pronged
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orchestrated attack on the already compromised brainstem
during flexion. These factors warrant serious attention during
the positioning of a patient in the prone position for CM1
surgery. Thus, these can be mitigated or at least reduced to an
acceptable and safer range by placing the patient in a neutral
position.

For the last few years, considering the anatomical and
physiological changes around the CVJ in CM1 patients, we
have practiced placing the patients in a neutral position, since
we started performing the Stealth cranioplasty which we
innovated and described earlier [36-39]. The neutral position,
which maintains the neutral anatomy, gives many advantages
during and after surgery including minimizing the possibility
of postoperative respiratory problems. Over-distraction,
over-correction, or torsion of the cervico-medullary junction
during positioning the patient for surgery should be carefully
avoided to prevent respiratory complications. Endo-tracheal
intubations may be challenging and care must be taken not
to manipulate the neck much and should be done by the
experts with the aid of modern available gadgets. Change
in BAEP during flexion of the neck in the prone position is
well evidenced. Thus, electrophysiologic monitoring may
potentially minimize injury to the cervico-medullary junction
during positioning for surgery and moving patients to and
from the table perioperatively to reduce respiratory problems
effectively. Often extensive PFD is performed. But that does
not relieve symptoms always. On the contrary, the extensive
PFD may backfire by leading to cerebellar ptosis, which
may exaggerate respiratory symptoms from compression
on the medulla by the slumped cerebellum. Anticipating
any acute worsening of central respiratory control, patients
should be considered for observation in an acute care setting
postoperatively so that if any emergency arises, that can be
managed immediately and effectively. Pre-operative routine
screening of respiratory status including sleep apnoea can also
reduce the chance of postoperative respiratory complications.
Overall awareness among the treating physicians, staff,
and caregivers is essential in reducing the occurrences of
postoperative respiratory problems.

Conclusion

Chiari malformation 1 with or without syringomyelia is
vulnerable to developing respiratory distress, both pre and
postoperatively. Respiratory disorders in CM1 patients may
result from diverse pathologies. A preoperative meticulous
evaluation and peroperative proper positioning of the patients
can prevent postoperative morbidity and fatality significantly.
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