Chapter 17
Care of the Child with Congenital Central
Hypoventilation Syndrome

Fiona Healy and Carole L. Marcus

Pathophysiology

Genetics

In 2003, it was discovered that CCHS is caused by a defect in the PHOX2B homeobox
gene and that inheritance is autosomal dominant [1, 2]. PHOX2B maps to chromo-
some 4p12 and encodes for a transcription factor that plays a role in the regulation
of neural crest cell migration and development of the autonomic nervous system [1,
2]. The transcription factor consists of 314 amino acids with two short and stable
polyalanine repeats of nine and 20 residues, respectively. Approximately 90 % of
PHOX?2B mutations in CCHS involve expansion of the 20-residue polyalanine region,
adding 4-13 copies [3]. These polyalanine repeat expansion mutations (PARMs) pro-
duce genotypes of 20/24 to 20/33, whereas the normal genotype is 20/20. The remain-
ing 10% of PHOX2B mutations in CCHS are nonpolyalanine repeat mutations
(NPARMSs) and include missense, nonsense, and frameshift mutations.

To date, there have been some associations made between the PHOX2B geno-
type and CCHS phenotype. Typically, a higher number of repeats are associated
with a greater severity of the respiratory phenotype [3, 4]. Specifically, individuals
with genotypes from 20/27 to 20/33 usually require ventilatory support during both
wakefulness and sleep, while those with the 20/25 genotype usually require only
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nocturnal ventilation [3, 5, 6]. Later-onset cases with milder hypoventilation have
been documented with 20/24 or 20/25 genotypes and likely represent cases of vari-
able penetrance of these mutations [5—7]. Most mutations occur de novo in CCHS,
but 5-10 % are inherited from a mosaic typically unaffected parent [7].

Effect of Sleep State

Central alveolar hypoventilation is diagnosed when the arterial partial pressure of
carbon dioxide (PCO,) is >45 mmHg during wakefulness, due to decreased central
ventilatory drive. This cutoff cannot be applied during sleep however, as PCO, lev-
els are typically higher in this state. The regulation of arterial blood gases during
sleep in healthy humans is maintained primarily by central chemoreceptors which
respond to changes in the PCO, by detecting the pH of cerebrospinal fluid and
peripheral chemoreceptors which respond to decreased arterial partial pressure of
oxygen (PO,) and increased PCO,. During wakefulness, additional behavioral and
arousal-related influences on breathing (from reticular activating system, forebrain,
and mechanoreceptor afferents) also affect ventilatory control. In many situations,
these non-chemoreceptive inputs to breathing result in relatively well-controlled
arterial blood gases in patients with CCHS while awake and not engaged in vigor-
ous exercise. This may explain why some patients with CCHS who breathe suffi-
ciently during wakefulness (e.g., those with genotypes 20/24, 20/25, and some
20/26) only require ventilatory support during sleep.

Huang et al. studied nine children with CCHS during spontaneous breathing
in both rapid eye movement (REM) and non-REM (NREM) sleep and demon-
strated more severe hypoventilation during NREM periods, with greater
decreases in minute ventilation [8]. It has been proposed that an intrinsic REM-
related ventilatory drive could explain these findings, as shown by increased
firing of single neuron recordings of medullary respiratory cells during REM
compared to NREM sleep in healthy animals [9]. In addition, it is known that
there are tonic excitatory inputs to the respiratory system during both REM and
wakefulness that decline during NREM sleep. However, although patients with
CCHS have better ventilation during REM than NREM sleep, they still have
significant hypoventilation during REM sleep and thus require mechanical ven-
tilation during all sleep stages including REM.

Mechanoreception

Additional proposed non-chemoreceptive inputs to breathing in patients with CCHS
include mechanoreceptor pathways. Studies have confirmed that in children with
CCHS, both passive motion during wakefulness and active exercise improve venti-
lation [10, 11]. In a study of treadmill exercise testing in five children with CCHS,
exercise-induced hyperpnoea occurred [11]. CCHS subjects increased minute
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ventilation primarily by increasing respiratory rate, in association with increasing
limb pacing frequency on the treadmill. Gozal et al. demonstrated that passive
motion of the lower extremities during NREM sleep in six patients with CCHS
resulted in increased respiratory frequency and decreased end-tidal CO, levels [12].
These findings suggest that CCHS patients may be at higher risk for hypoventilation
when they are physically still. One study of five patients with CCHS also demon-
strated that they increased ventilation with mental activities such as reading, solving
arithmetic problems, or playing video games [13].

A study of seven patients with CCHS during wakefulness demonstrated upward
shift of EEG signals just before inspiration (pre-inspiratory potential) suggestive of
supplementary motor area activation [14]. These potentials were present in a variety
of conditions including resting breathing, exposure to CO,, and inspiratory mechan-
ical constraints. In the control group, however, these pre-inspiratory potentials were
generally absent except for during mechanical constraint. These findings indicate
the existence of cortical mechanisms compensating for deficient generation of auto-
matic breathing in CCHS.

Clinical Presentation

CCHS is characterized by the clinical presentation of alveolar hypoventilation
with insensitivity to hypoxemia and hypercapnia, most pronounced during
sleep. Infants with CCHS typically present in the newborn period with intermit-
tent episodes of cyanosis or apnea, and most require mechanical ventilation
immediately after birth. As their oxygen saturation falls and their carbon diox-
ide level rises, affected infants demonstrate no increase in respiratory rate or
effort and usually do not arouse or appear distressed [15]. During sleep, infants
will appear to have regular but shallow respirations with reduced chest wall
movement, interspersed with periods of central apnea. Occasionally, infants
may present in the first few months of life with acute life-threatening events or
even frank respiratory arrest.

In many infants during the first few months of life, hypoventilation may be evi-
dent during both wakefulness and sleep. However, these patients may eventually
breathe adequately while awake, probably reflecting the development of sleep-wake
regulation or maturation of the respiratory and central nervous systems rather than
an improvement in their CCHS [16]. Some affected patients may continue to dis-
play symptoms of hypoventilation during quiet activities while awake and may
require daytime ventilatory support.

Symptoms of hypoventilation are more pronounced in times of illness or stress
because patients with CCHS are unable to demonstrate respiratory responses to
increased ventilatory demands. Thus, when faced with gas exchange abnormalities
(e.g., during a respiratory tract infection), children with CCHS do not manifest
signs of respiratory distress such as tachypnea, retractions, or nasal flaring. In some
cases patients with CCHS can present late with symptoms of end-organ damage,
such as cor pulmonale, seizures, developmental delay, or failure to thrive, from
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chronic, unrecognized hypoxemia and hypercarbia. In one survey of almost 200
children with CCHS, developmental delays, including motor, speech, and learning
disabilities, were reported in 45 % [17].

Rarely, patients with CCHS survive into adulthood before presenting with symp-
toms of hypoventilation that are triggered by a minor respiratory tract infection or
general anesthesia. Other potential presenting symptoms of adult cases include epi-
leptic seizures, cognitive disabilities, and sleep apnea or in rare occasions after a
child is diagnosed with CCHS [1]. In such late-onset cases, there is frequently a
history of ventilatory disturbances in infancy that resolved spontaneously, e.g.,
breath-holding spells, and patients often have cognitive impairment [18].

Autonomic Dysfunction

Patients with CCHS often manifest symptoms of autonomic nervous system dysregu-
lation including temperature instability, excessive sweating, decreased perception of
discomfort and anxiety, and swallowing dysfunction. Periods of autonomic crises with
and without elevated urinary catecholamines have also been described [19]. Although
baseline heart rate does not differ from controls, the relative increase above the mean
heart rate at rest with exercise is attenuated, and heart rate variability is decreased
[20-22]. Cardiac arrhythmias, including sinus bradycardia and transient asystole up to
6.5 s, have also been reported [20]. One study of 39 patients with CCHS reported that
among three children who had R-R intervals greater than 3 s and did not receive a
cardiac pacemaker, two died suddenly [23]. Additionally, blood pressure in patients
with CCHS is lower during wakefulness and higher during sleep compared to controls,
indicating attenuation of the normal sleep-related blood pressure decrement [22].
Goldberg et al. documented ophthalmologic disorders in 27 of 37 children with CCHS,
most of whom had miotic pupils that reacted poorly to light [24].

Abnormalities of neural crest origin, also known as neurocristopathies, may be
present in patients with CCHS. Hirschsprung’s disease is present in approxi-
mately 16 % of cases of CCHS [17]. This is often severe, with 50 % of cases hav-
ing total colonic aganglionosis, compared to the general population with
Hirschsprung’s disease in whom 80 % have short segment forms [25]. Children
with CCHS who receive mechanical ventilation for 24 h a day are more likely to
have Hirschsprung’s disease [17].

Case reports of tumors of neural crest origin, including mediastinal or
abdominal neuroblastoma or ganglioneuromas, have been documented in asso-
ciation with CCHS [25-27]. Approximately 5% of patients with CCHS will
have neural crest tumors although tumor-related deaths are uncommon [17, 28].
The tumors can present at variable ages with neuroblastoma typically present-
ing before age two years and ganglioneuromas presenting later as incidental
findings [28]. Tumors of neural crest origin occur more frequently in patients
with NPARMS, specifically missense or frameshift homozygous mutations of
the PHOX2B gene [29, 30]. Among patients with PARMs, only subjects with the
20/29 and 20/33 genotypes have been identified with neural crest tumors (gan-
glioneuromas and ganglioneuroblastomas) to date [7].
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Late-Onset Central Hypoventilation Syndrome
with Hypothalamic Dysfunction

Late-onset central hypoventilation syndrome with hypothalamic dysfunction (LO-CHS)
has been reported in previously well children who present after infancy [31]. This syn-
drome was first described in 1965 and is distinct from CCHS [32]. Both CCHS and
LO-CHS can be associated with diseases of neural crest origin; however, features of hypo-
thalamic dysfunction are not seen in CCHS [31]. Features of hypothalamic function
reported in LO-CHS include hyperphagia, hypersomnolence, thermal dysregulation, emo-
tional lability, and endocrinopathies. The diagnostic term “rapid onset obesity with hypo-
thalamic dysfunction, hypoventilation, and autonomic dysregulation (ROHHAD)” has
also been used [33]. Clinical presentation can be varied with additional reported symptoms
of thermal dysregulation, pain hyposensitivity, behavioral disorders, strabismus, pupillary
anomalies, and tumors of neural crest origin [34]. A recent study of 23 children with this
syndrome demonstrated negative PHOX2B gene sequencing in all cases [33]. Thus, this
clinical presentation represents a syndrome clinically distinct from CCHS.

Evaluation and Diagnosis

A diagnosis of CCHS should be considered in all children with evidence of
hypoventilation without underlying cardiopulmonary, metabolic, neuromuscu-
lar, or brainstem dysfunction. Initial genetic testing should be performed with
the PHOX2B screening test, which will identify the mutation in 95 % of CCHS
cases [7]. If the screening test is negative but the patient’s phenotype supports
the diagnosis of CCHS, a PHOX2B sequencing test may detect a subset of
NPARMs [7]. Additionally, recent evidence indicates that further deletion/
duplication analysis can identify another subset of patients affected (<1 %) [35].

Table 17.1 Differential diagnoses of congenital central hypoventilation syndrome

Metabolic Pulmonary

Mitochondrial defects, e.g., Leigh’s disease Primary lung disease

Pyruvate dehydrogenase deficiency Respiratory muscle weakness, e.g.,
Hypothyroidism diaphragm paralysis, congenital myopathy
Neurologic Genetic

Structural abnormalities, e.g., Arnold-Chiari Prader-Willi syndrome

malformation, Moebius syndrome

Vascular injury, e.g., central nervous system Familial dysautonomia

hemorrhage, infarct

Trauma Sedative drugs

Tumor
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Differential diagnoses for CCHS are wide and varied and should be ruled out
while genetic testing for CCHS is pending (Table 17.1). Investigations to con-
sider include chest radiograph, echocardiogram, and fluoroscopy of the dia-
phragm to identify any primary cardiopulmonary diseases or respiratory muscle
weakness. Pulmonary function testing may be performed in cooperative older
children. Infant pulmonary function testing, however, should be considered with
caution due to the increased risk of hypoventilation with sedation. Intracranial
lesions resulting in central hypoventilation can be identified by magnetic reso-
nance imaging of the brain. Metabolic screening should be considered when
clinical signs suggest inborn errors of metabolism.

Assessment of Hypoventilation

Children with a suspected diagnosis of CCHS should have comprehensive
studies of respiratory physiology during wakefulness, REM, and NREM sleep
to assess the degree of hypoventilation and the level of ventilatory support
required. Testing should include all aspects of routine polysomnography
including end-tidal/transcutaneous CO, monitoring. Figure 17.1 shows differ-
ent patterns on polysomnography that may be observed in children with CCHS
[8, 36]. Ventilatory responses to hypoxia and hypercapnia during wakefulness
and sleep can be measured to confirm the diagnosis and are usually flat [37].
This testing is performed primarily as a research tool but at times may be use-
ful in establishing a diagnosis.

The severity or chronicity of the central hypoventilation should be assessed by
screening the patient for chronic respiratory acidosis and compensatory metabolic
alkalosis (bicarbonate levels) and polycythemia (hemoglobin levels). Echocardiogram
(ECG) and serum brain-type natriuretic peptide levels will determine if there is any
evidence of pulmonary hypertension or cor pulmonale as a result of chronic
hypoxemia.

Screening for Autonomic Dysfunction

Patients with CCHS and symptoms suggestive of autonomic dysfunction should be
investigated appropriately. Barium enema or rectal biopsy should be performed for
patients with constipation or abdominal distension to rule out Hirschsprung’s
disease. Chest and abdominal imaging should be obtained early if there is any
possibility of a neural crest tumor, particularly in patients with missense or frame-
shift mutations of the PHOX2B gene which correlate more frequently with this phe-
notype [29, 30].
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Holter monitoring should be performed if there is clinical suspicion of cardiac
arrhythmias, including bradycardias, that may necessitate pacemaker insertion. An
ophthalmologic examination will identify any eye involvement and allow for early
intervention to avoid interference with learning. Other measures of autonomic test-
ing may be employed as clinically indicated, e.g. tilt testing to assess syncope [7].
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Fig. 17.1 (a) Portions of a polysomnogram from an infant with congenital central hypoventilation
syndrome. In the left panel, the infant is awake with normal oxyhemoglobin saturation but is
hypoventilating slightly. At sleep onset (middle panel), end-tidal carbon dioxide levels begin to
rise and oxyhemoglobin levels begin to drop. When placed on supplemental oxygen (right panel),
the oxyhemoglobin levels normalize, but end-tidal carbon dioxide levels continue to rise (Marcus
CL. 2001. Sleep-disordered breathing in children. American Journal of Respiratory and Critical
Care Medicine. 164: 16-30. Official Journal of the American Thoracic Society. Reprinted with
permission of the American Thoracic Society. Copyright © 2013 American Thoracic Society). (b)
Polysomnogram epoch from an 8-year-old subject with CCHS during NREM sleep is shown.
Following ventilator disconnection (arrow), the subject had an immediate 24-s central apnea, fol-
lowed by an arousal. Cardiac oscillations are present on the airflow and PCO, waveform channels.
Y-axis parameters; time axis, clock time (in s) is shown, with the epoch number superimposed;
C3-A2, C4-Al, O1-A2, and O2-A1 are EEG leads; LOC-A2 and ROCAL are left and right elec-
trooculograms, respectively; CHIN submental EMG signal, CHEST chest wall motion, ABDM
abdominal wall motion, PNEUMFLO airflow measured with a pneumotachograph, PN pressure
measured at the tracheostomy site, CAP end-tidal PCO, waveform, ETCO, end-tidal PCO, value,
TCCO, transcutaneous PCO,, SAO, arterial oxygen saturation, PWF oximeter pulse waveform,
LLEG left tibial EMG, RLEG right tibial EMG (Huang J et al. J Appl Physiol 2008. Am Physiol
Soc, with permission)
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Fig. 17.1 (continued)

Management

Gouals of Care

The goal of treatment for CCHS is to ensure adequate oxygenation and ventilation
during both wakefulness and sleep. This will improve long-term prognosis by reduc-
ing the risks of cor pulmonale and neurological insult from chronic hypoxemia.

Ventilation

The natural history of CCHS is that ventilatory responses to hypoxemia and hyper-
carbia do not improve over time. All newly diagnosed infants and children will
require some form of assisted ventilation in the home setting. The proportion of all
patients with CCHS who require ventilatory support during both wakefulness and
sleep varies from 6 to 33 % in different study populations [16, 21]. Oxygen admin-
istration alone will improve oxygen saturation (SpO,) levels but will not prevent
hypoventilation and the ensuing complications. Respiratory stimulants including
theophylline, dexamphetamine, and clomipramine have not been shown to improve
ventilatory drive in this patient population [38, 39]. Objective measurements of
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adequate ventilation, including pulse oximetry levels, should be monitored in the
home. Ventilators are adjusted to maintain CO, levels ideally between 30 and
40 mmHg and SpO,>95% [7]. Maintaining low-normal CO, levels ensures that
patients with CCHS have some ventilatory reserve when challenged during their
daily activities, e.g., exercise, and when ill with intercurrent infections. Ventilator
settings should be adjusted regularly during polysomnography or hospital admis-
sion, particularly in young children who are growing rapidly or patients who are
symptomatic. Establishing optimal ventilator settings will help prevent neurocogni-
tive dysfunction and avoid the development of atelectasis.

A variety of modalities of home ventilation are available to the patient with
CCHS including portable positive pressure ventilation via tracheostomy, nonin-
vasive ventilation (NIV) via nasal mask, diaphragmatic pacing, and, rarely, nega-
tive pressure ventilation. The advantages and disadvantages of each modality
should be discussed with the family prior to decision-making (Table 17.2).
Factors that determine the choice of technique include efficacy, practicality, psy-
chosocial acceptance, complications, and cost. Ideally, the choice of ventilation
should provide optimal technology to meet the patient’s lifestyle needs.

Transition of a patient with CCHS to a home portable ventilator should be estab-
lished in the hospital under the supervision of an expert medical team. Discharge
planning should include arrangements for the home ventilator, a backup ventilator,
and home nursing support. In addition, a pulse oximeter and end-tidal CO, monitor
in the home allow for objective measurements of any clinical deterioration or
change in ventilatory requirements.

During early infancy and childhood, patients with CCHS typically require more
ventilatory support than older children and adults. This is because younger infants
typically sleep for longer periods, are more prone to infections, and overall have
more immature respiratory systems, which contribute to more instability in
ventilation. It should be highlighted, however, that although there may be some
maturation of the respiratory system, the patient never develops ventilatory
responses and cannot be weaned from nocturnal ventilatory support. In a study of
196 patients with CCHS, two-thirds were able to adequately maintain ventilatory
homeostasis during waking hours by age 12 months, while another quarter of the
children were older than one year before they achieved such an ability [17]. This
study also revealed a reduced need for intervention by medical professionals
with age [17]. A greater healthcare burden was present among the 24-h
ventilator-dependent patients; however, the need for hospitalization decreased
with age in all patients [17].

The weaning of daytime assisted ventilation is best accomplished by sprint
weaning where the child is removed from the ventilator for short periods of time
during wakefulness [15]. The child with CCHS may not exhibit any signs of respira-
tory distress and so must be carefully monitored noninvasively during sprints to
prevent hypoxemia or hypercapnia. The duration and frequency of sprints may be
increased as tolerated, but progress will be hampered if performed too rapidly or
without meticulous supervision.
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Table 17.2 Advantages and disadvantages of ventilator modalities for congenital central
hypoventilation syndrome

Noninvasive
ventilation

Advantages .

Disadvantages .

No surgical
procedure
Ventilator is
simpler to operate
Less expensive
May permit
tracheal
decannulation

Difficult to find
appropriate
interfaces for
younger patients
Difficult to ensure
placement of
interfaces at sleep
onset in young
children without
established sleep/
wake cycles
Difficulty
triggering
machines in
young children
Need to overcome
the added load of
upper airway
resistance

Nasal symptoms,
aerophagia, and
skin breakdown
Limited
portability

Diaphragmatic

pacing

e Improved
patient
mobility

e  May permit
tracheal
decannulation

e Specialized
surgical
procedure

e May need
repeat surgery
for mechanical
failure

* Risk of
infection

e Risk of upper
airway
obstruction if
trachea
decannulated

e Must have
access to team
specialized in
care of pacers

Positive Pressure Ventilation via Tracheostomy

Tracheostomy and positive
pressure ventilation

*  Most reliable method
for ensuring adequate
ventilation Secure
airway during illness

e Can be used
continuously

* Can use higher settings
than with noninvasive
ventilation

* Mobility with home
ventilators is limited if
used while awake

e Complications of
tracheostomies
including recurrent
laryngeal nerve injury,
hemorrhage, infection,
accidental
decannulation, speech
problems,
tracheomalacia, and
granulation tissue

Positive pressure ventilation (PPV) via tracheostomy is the commonest mode of
ventilation used, particularly in infants and younger children. Many physicians
agree that it is the safest form of ventilation to ensure adequate ventilation and oxy-
genation during the first years of life while the respiratory and central nervous sys-
tems are maturing [7]. While beneficial in older children, use of NIV is avoided in
younger infants because of potential problems including difficulty with mask fit-
ting, difficulty with triggering/cycling NIV ventilators, and the propensity of infants
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to take frequent naps. Older patients with tracheostomies may opt for decannulation
and transition to NIV. Home positive pressure ventilators are portable and can be
battery operated, improving mobility for the patient. Uncuffed tracheostomy tubes
are typically used to permit a leak large enough to use a Passy-Muir valve, which
encourages speech development, and to avoid subglottic stenosis. Pressure plateau
ventilation or pressure control modes can be used to accommodate leak, compen-
sate for tubing compliance, and ensure sufficient lung inflation.

While PPV via tracheostomy is generally a safe technique, there are a number of
longer-term complications associated with it, including delayed speech and lan-
guage development, colonization and infection of the lower respiratory tract, and
tracheal granulation and stenosis [40]. There is also the low (<6 %) but definite risk
of tracheostomy-related death from cannula obstruction or accidental decannulation
[41]. Due to the risk of complications, these patients will require caregivers avail-
able at all times that are trained to change and manage tracheostomies. This can
further increase financial and social burdens on the patients and their families.

Despite the disadvantages, an epidemiological survey involving 196 patients
with CCHS from 19 countries reported that more than 60 % of patients with CCHS
were ventilated via tracheostomy [17]. In this study, the transition to NIV typically
occurred between the ages of 6 and 11 years. A recent Japanese study of 37 patients
with CCHS reported a similar proportion of 57 % ventilated by tracheostomy [42].

Noninvasive Bi-level Positive Airway Pressure

This is a mode of NIV via nasal mask or nasal prongs that does not require trache-
ostomy. These machines provide variable continuous flow via a blower (fan) and
have a fixed leak that prevents CO, retention and can compensate for leaks around
the mask. When used in the timed/pressure control mode, they guarantee breath
delivery in children with CCHS who cannot generate adequate large spontaneous
breaths to trigger the ventilator [7]. NIV is not, however, suitable in isolation for
patients requiring 24-h ventilation because it can interfere with daytime activity.
Prolonged daily use of NIV can cause significant facial skin breakdown, nasal
deformity, and injury to the eyes. Midfacial hypoplasia and dental malocclusion
may occur in younger patients [43, 44]. One report of the use of NIV in two
infants reported the development of class 3 dental malocclusion in both patients,
after about 2 years, necessitating addition of negative pressure ventilation to
reduce the duration of mask ventilation [45]. Presumably, midfacial hypoplasia is
due to the chronic pressure exerted by the headgear and face mask unit against the
malleable nasal, zygomatic, and maxillary areas in young patients and appears to
be less of an issue with modern interfaces [44]. The severity of these complica-
tions can be reduced by alternating between nasal masks and nasal pillows, using
customized masks, and avoiding tight-fitting interfaces [46]. Villa et al. described
successful correction of midface hypoplasia with an orthodontic device in a
7-year-old child with CCHS who had been ventilated with a nasal mask from the
age of 9 months [44].
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Other potential problems encountered with use of NIV in children with CCHS
include gastric overdistension resulting in gastroesophageal reflux. In addition,
incorrect positioning of the nasal interface or oral leakage during sleep could cause
pressure losses and reduce the effectiveness of NIV [47].

Another frequent challenge to the successful use of NIV is poor patient
adherence to treatment. One study reported that adherence to NIV in children and
adolescents with obstructive sleep apnea was related primarily to family and demo-
graphic factors rather than severity of apnea, pressure levels, or psychosocial func-
tioning [48]. Important supportive mechanisms to promote NIV adherence include
education of both parents and patients along with anticipatory guidance for com-
mon problems, side effects, and device troubleshooting [49]. Another interven-
tion to promote NIV adherence is to ensure positive first experiences for patients
with NIV, including during in-laboratory or in-hospital treatment trials [49].

The first successful case of NIV use for CCHS was reported in 1987 in a 6-year-
old child who had previously received mechanical ventilation [50]. A 2004 survey
of 196 patients with CCHS (age range 0.4-38 years, mean 10.2 years) reported that
55 (28.1 %) were using NIV alone [17].

Some patients have been successfully transitioned from PPV via tracheos-
tomy to NIV support upon reaching school age when the clinical course is more
stable and the child is able to accept mask ventilation and cooperate fully.
Limitations to transition include the availability of suitable and comfortable
nasal interfaces for the child. In cases where there is pressure loss because of
open mouth breathing, the concomitant use of chin straps or full face masks can
permit adequate ventilation. One must also consider that, when transitioning to
NIV from PPV via tracheostomy, there will be the added load of upper airway
resistance to overcome, which may necessitate higher ventilator settings.
Evaluation of the upper airway for possible tonsillectomy and adenoidectomy
may be indicated in patients requiring high settings. NIV generally does not
provide pressures as high as those provided by invasive ventilators, and children
may require intubation and greater levels of ventilatory support during acute
respiratory illnesses.

Patients with CCHS may have life-threatening events if not adequately ventilated
during sleep; thus, documentation of the adequacy of NIV settings is essential before
chronic NIV treatment can be safely initiated [51]. As with PPV, optimal NIV set-
tings should be determined and titrated periodically in the sleep laboratory. The
American Academy of Sleep Medicine published guidelines for sleep center adjust-
ment of NIV in patients with stable chronic alveolar hypoventilation syndromes
including those with central respiratory control disturbances [51]. The underlying
concept is that a successful NIV titration is one in which there is an optimized trade-
off between increasing pressure to yield efficacy in supporting ventilation and
decreasing pressure to minimize emergence of pressure-related side effects [51].

One recent case report described a 16-year-old female with CCHS who was suc-
cessfully transitioned to a new modality of NIV, average volume-assured pressure
support (AVAPS), that automatically adjusts the pressure support level in order to
provide a consistent tidal volume [52]. AVAPS has been recently introduced as a
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new additional mode for bi-level pressure ventilation that automatically adjusts the
pressure support level to provide a consistent tidal volume. Studies on its physio-
logic and clinical effects are few and more are needed [53, 54].

Negative Pressure Ventilation

Negative pressure ventilation (NPV) causes inspiration by generating a negative
inspiratory pressure around the chest and abdomen. The popularity of NPV, how-
ever, has been limited by the risk of obstructive sleep apnea because of lack of
synchrony between vocal fold opening and thoracic inspiratory efforts. In one
report, additional mask CPAP was used successfully in cases of upper airway
obstruction during NPV [55].

Negative pressure ventilators are bulky and not portable, and some necessitate
that the patient remains in the supine position. In addition, the chest shells or wraps
currently available can cause discomfort, skin breakdown, and leaks that make their
use unacceptable in many cases. NPV has been used rarely since the advent of PPV
and NIV. It may be an acceptable alternative for those requiring ventilation during
sleep if other modes of ventilation are unsuitable. In rare cases, it has permitted
decannulation in patients with CCHS.

Diaphragmatic Pacing

This mode of ventilation involves electrical stimulation of the phrenic nerve that
results in diaphragmatic contraction. In 1972, Glenn et al. first demonstrated that
electrical stimulation of the phrenic nerves resulted in rhythmic contraction of the
diaphragm (pacing) and could provide full-time, long-term ventilatory support for
an adult patient with acquired central hypoventilation [56]. In 1978, Hunt et al.
reported the first three cases of diaphragmatic pacing in infants with CCHS [57].

Typically, pacing during the day and PPV by mask or tracheostomy at night
affords more daytime mobility for active children who require ventilation 24 h per
day. This can both improve quality of life and optimize neurodevelopmental prog-
ress. Pacing has not been used for 24 h a day because of a theoretical concern of
damage to the phrenic nerves. Patients with CCHS who may best benefit from dia-
phragm pacing include those with no or mild intrinsic lung disease with preserved
phrenic nerve-diaphragm axis integrity and presence of a tracheostomy at least dur-
ing the initiation of pacing [58].

Diaphragmatic pacing requires surgical implantation of bilateral phrenic nerve
electrodes, in the intrathoracic or intracervical segments of the nerve. The cervical
approach in the lower neck is a less desirable site for placement because the phrenic
nerve forms a complex of rootlets that only unite in the thorax. Thus, the cervical
approach may only capture 75 % of the fibers in the neck [59]. Bilateral receivers
are implanted subcutaneously that transmit radio frequency signals from a battery-
operated external pulse generator to the phrenic nerve electrodes. The patient also
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wears an energy transfer coil on the skin over the receiver. When a signal arrives
from the external pulse generator, it is converted via the subcutaneous receivers to
an electrical current that stimulates the phrenic nerve (Fig. 17.2). Settings on the
external generator include respiratory rate and electrical voltage and are adjusted to
give enough tidal volume to allow for adequate oxygenation and ventilation.

The goal with diaphragm pacing is to minimize the electrical stimulation while
providing optimal ventilation and oxygenation. Pacing is typically initiated 4-6
weeks after surgical implantation to allow tissue reaction around the electrodes to
stabilize [15]. Training of the muscle fibers is necessary to sustain pacing for the
required 12—16 h per day, and a period of 3—4 months is usually required to attain
full pacing [15]. In patients with CCHS who also have cardiac pacemakers, it is
important to minimize the potential for electromagnetic interference by ensuring
that the cardiac pacemaker is bipolar [7].

Potential complications of pacing include equipment failure, infection (e.g.,
empyema), and late injury due to fibrosis or tension on the phrenic nerve [60]. In

Fig. 17.2 (a) Diaphragmatic pacing device showing the external pulse generator and energy trans-
fer coils. (Reprinted from Paediatric Respiratory Reviews, 2011 Dec; 12 (4):253-63. Healy F,
Marcus CL. Congenital central hypoventilation syndrome in children, pages 253-63, Copyright
2011, with permission from Elsevier). (b) Patient with congenital central hypoventilation syn-
drome post tracheal decannulation who uses nocturnal diaphragmatic pacing. Here she is wearing
the energy transfer coils of her diaphragmatic pacer and holding the external pulse generator dur-
ing setup for a titration polysomnogram (Reprinted from Paediatric Respiratory Reviews, 2011
Dec; 12 (4):253-63. Healy F, Marcus CL. Congenital central hypoventilation syndrome in chil-
dren, pages 253-63, Copyright 2011, with permission from Elsevier)
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Fig. 17.2 (continued)

one study of 33 infants and children using diaphragmatic pacing, receiver failure
was the most common cause of internal component failure [61]. However, the
receiver can be replaced without thoracotomy because it is located in a subcutane-
ous pocket. Longevity of equipment should improve as hardware becomes more
refined over time. Flageole et al. reported their longest survivor to date was paced
for 21 years [59]. This patient had successfully tolerated seven separate procedures
for receiver or wire replacement.

Pacing at night may permit tracheal decannulation. However, in some decannu-
lated patients, obstructive sleep apnea occurs because vocal fold opening does not
occur with a paced inspiration (Fig. 17.3). In some cases this may be overcome by
adjusting settings on the pacers to lengthen inspiratory time and/or decrease the
force of inspiration. If the obstruction persists, then these patients may be better
managed by NIV. Patients should be monitored by polysomnography to ensure that
they do not have obstructive sleep apnea related to diaphragmatic pacing.

All patients with CCHS who rely on diaphragm pacing should have an additional
backup diaphragm pacer transmitter already set to their physiological requirements.
An additional advantage of a second transmitter is that, for children who are paced
during the day, the backup transmitter can be set to deliver optimal settings for
exercise. This allows the child to use one transmitter during school and the other
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Fig. 17.3 Thirty-second epoch from a titration polysomnogram image from the patient with con-
genital central hypoventilation syndrome in Fig. 17.2b who had previously been decannulated and
was using nocturnal diaphragmatic pacing. During the study the patient experienced persistent
partial upper airway obstruction while paced, with stridor, paradoxical breathing, and oxyhemo-
globin desaturation. C3-A2, O1-A2, C4-Al, O2-Al electroencephalogram channels, LOC-A2 and
ROCAI left and right electrooculograms, CHIN submental EMG, EKG electrocardiogram, NPAF
nasal pressure airflow, CHEST thoracic movement, ABDM abdominal movement, CAP capnogra-
phy, ETCO, end-tidal carbon dioxide level (torr), SAO, arterial oxygen saturation, PWF oximeter
pulse waveform, TCCO, transcutaneous carbon dioxide level (torr), RLEG right tibial EMG, LLEG
left tibial EMG (Reprinted from Paediatric Respiratory Reviews, 2011 Dec; 12 (4):253-63. Healy
F, Marcus CL. Congenital central hypoventilation syndrome in children, pages 253-63, Copyright
2011, with permission from Elsevier)

transmitter during a moderate level of age-appropriate activity (settings for each
should be ascertained during physiologic assessments at a center with expertise in
diaphragmatic pacing) [7].

Diaphragmatic pacers can work well, but patients must have access to teams with
the necessary expertise in maintaining them. This includes staff with the ability to set
the pacers with a digital oscilloscope and surface electromyogram recordings. In
addition, the implantation of the internal components (receivers, connecting wires,
and phrenic nerve electrodes) requires thoracic surgery and should only be implanted
by experienced pediatric surgeons at a center with the appropriate expertise [7].

Ongoing Care and Monitoring
Screening for Medical Comorbidities Associated with CCHS
Children with CCHS require input by a wide variety of medical specialists due to

the array of associated medical conditions including autonomic dysfunction and
sequelae of ventilatory insufficiency and hypoxemia. Neurocognitive assessments
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should be considered as patients with CCHS have an increased risk of learning dis-
abilities and developmental delay [62, 63]. Most children with CCHS have adequate
growth and nutrition, but some may have swallowing incoordination requiring tem-
porary gastrostomies [15].

Genetic Counseling

Genetic counseling should be offered to the parents of children diagnosed with
CCHS irrespective of whether a genetic mutation is identified or not. This will
provide information on the nature, autosomal dominant inheritance pattern, and
implications of this disorder to help them make informed medical and personal
decisions. If a specific PHOX2B mutation is identified in their child, parents should
be offered testing to determine their own risk for later-onset CCHS or mosaicism
[28]. Risk to siblings and other family members will depend on the genotype status
of the parents.

Home Care and Nursing Support

The majority of care for children with CCHS occurs in the home setting where
parents can easily be overwhelmed by sophisticated medical equipment and
coordination of appointments with multiple medical professionals. Children with
CCHS are a particularly vulnerable group who require skilled care and monitor-
ing, particularly at sleep onset when they could suffer severe hypoventilation or
even complete respiratory arrest if ventilation is not adequately supported.
Additionally, these children do not typically develop fever, tachypnea, or dyspnea
in response to respiratory tract infections, even pneumonia, and thus careful
assessment is necessary during illness [13, 64]. Caregivers need to be well edu-
cated about CCHS, and nursing support, if available, can be very helpful. One
study reported that, of 196 families with a child with CCHS, 49.5 % had no nurs-
ing support at night [17]. Access to other skilled healthcare professionals includ-
ing social workers, speech therapists, physical therapists, and special education
teachers may be needed to optimize care.

Social Issues and Quality of Life

Most children with CCHS will have a good quality of life if diagnosed early and
managed rigorously. There should be minimal restrictions on daytime activity; how-
ever, children with CCHS lack the appropriate ventilatory and autonomic responses
to heavy or extended exercise [65]. If swimming, they should be carefully super-
vised regardless of the presence or absence of a tracheostomy (swimming is not
recommended for those with tracheostomies) [7]. Children with CCHS do not derive
discomfort from breath-holding and are therefore at heightened risk of drowning.
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Normal risk-taking behavior during adolescence places CCHS patients in great
danger. Sedative medications and central nervous system depressants such as alco-
hol or illicit drugs should be avoided as much as possible, as they worsen hypoven-
tilation. Chen et al. reported three cases of young adults with CCHS who had severe
adverse events related to alcohol use, including coma and death [66]. Parents and
patients should be counseled about these specific risks prior to and throughout ado-
lescence. Patients should wear MedicAlert bracelets to warn paramedical and medi-
cal staff in case of emergency.

In the majority of cases, CCHS does not cause significant levels of psychological
distress in caregivers, who typically report good coping resources and high levels of
motivation to provide care [17, 63]. Some studies do, however, report higher levels
of marital discord [63].

Perioperative Care

Children with CCHS will require ventilatory support during sedation or gen-
eral anesthesia. Anesthetic care for the child with CCHS can be challenging. To
avoid the need for additional ventilation during wakefulness and prolonged
hospitalization, anesthetic drugs with the shortest half-life should be chosen,
e.g., remifentanil, nitrous oxide, and sevoflurane [67]. For other procedures,
the use of regional anesthesia techniques may avoid the central effects of anes-
thetic drugs. Cardiovascular complications of CCHS including cor pulmonale
and autonomic dysfunction may also impact perioperative care. Metabolic
alkalosis should be prevented as this can further inhibit central respiratory
drive. Drugs with negative chronotropic effects or direct effects on blood pres-
sure should be avoided.

Pregnancy

Increasing numbers of patients with CCHS are now progressing to parenthood
themselves [68, 69]. Although most current cases of CCHS represent de novo
mutations in the PHOX2B gene, some cases are inherited in an autosomal domi-
nant fashion. If both parent and children are affected, this creates greater chal-
lenges for the parent who must monitor the ventilatory needs of both themselves
and their child. Prenatal testing by amniocentesis for PHOX2B allows for antici-
pated cases to be delivered in appropriate tertiary centers that can manage ventila-
tion of both mother and child. Pregnant women with CCHS will require frequent
physiological monitoring because they do not have the central respiratory drive to
meet the increased respiratory load caused by the enlarging uterus [68].
Diaphragmatic pacing is poorly tolerated after Cesarian section due to the abdomi-
nal incision, and alternative means of ventilation will be required [68].
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Long-Term Prognosis

Long-term follow-up of patients with CCHS and neurodevelopmental outcome
reveal a broad range of results with a great deal of variability, usually correlating
with the degree of severity of their CCHS [15]. Mortality rates ranging from 8§ to
38 % have been documented in various CCHS patient cohorts [21, 42, 58, 63]. The
main causes of death include cor pulmonale, pneumonia, and aspiration.

With an increasing awareness of the disease entity, patients will be recognized and
treated earlier than in the past. Advancements in home ventilation and monitoring
abilities as well as vigilant ongoing patient assessment and equipment maintenance by
medical teams will further improve prognosis. As these children survive to adulthood,
the development of transition programs with age-appropriate support will contribute
to independent lifestyles, careers, and family lives for this complex population.

Future Directions

As the prognosis for patients with CCHS improves, there remains, however, the
need to ensure that ventilatory requirements are addressed with ongoing research
into new, more acceptable forms of artificial ventilation. The deficiencies in current
methods of ventilation are most apparent in those children who require support 24 h
a day. During varied levels of daytime activity and exercise, these patients may
become hypercapnic and hypoxemic but cannot adequately compensate because of
fixed artificial ventilatory support with either diaphragmatic pacers or a mechanical
ventilator.

At present the only effective therapeutic option for patients diagnosed with CCHS
is mechanical ventilation. One potential treatment was recently reported in two women
with CCHS who demonstrated improved ventilatory responses to hypoxia and hyper-
capnia after taking the progestin contraceptive, desogestrel [70]. The exact mechanism
of action of desogestrel remains unclear, but it has been postulated that it may stimulate
or activate “alternative” central and/or peripheral chemosensitive neural circuits [70].
Further trials are warranted to determine the true potential of this treatment option.

Since the discovery of the PHOX2B mutation, there has been increasing interest
in the possibility of a genetic therapy for CCHS. The severity of the CCHS pheno-
type correlates with the length of polyalanine expansions, which ultimately lead to
the formation of toxic intracytoplasmic aggregates and impaired PHOX2B-mediated
transactivation [71]. A recent study by Zanni et al. identified two molecules,
17-AAG and curcumin, that were effective in vitro in counteracting these pathologi-
cal effects [71]. The ultimate goal of such research is to identify medications that, if
initiated in early infancy or even in utero, could modify disease progression and
avoid the need for mechanical ventilation, permitting significant improvements in
quality of life, morbidity, and mortality for these patients.
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Continuing investigation of the genetic intricacies of this syndrome is needed,
with ongoing attempts to correlate the genotype-phenotype relationship and improve
patient care and prognosis. In addition, the presumed genetic etiology of patients
with late-onset central hypoventilation and hypothalamic dysfunction remains to be
determined. As with any complex illness, further research, including autopsy stud-
ies using new molecular technologies, will help to define the anatomical and physi-
ological features of this syndrome.
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