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Study Objectives: Congenital central hypoventilation syndrome (CCHS) is a rare disorder affecting the autonomic nervous system that is caused by variants in the
paired-like homeobox 2B (PHOX2B) gene. About 10% of patients with CCHS have nonpolyalanine repeat mutations (NPARM) that are associated with severe
phenotypes requiring continuous assisted ventilation, Hirschsprung’s disease, and increased neural crest tumor risk. However, some patients with NPARM have
milder phenotypes. Our objective was to describe the phenotypes in patients with CCHS PHOX2B NPARM.
Methods: Retrospective case series of patients with CCHS PHOX2B NPARM was conducted at 2 children’s hospitals to evaluate their phenotypes.
Results:We identified 8 patients with CCHS PHOX2B NPARM aged 3–31 years. Seven patients were diagnosed in infancy and 1 patient at 2 years of age. All
patients presented with respiratory depression in the first 2 months of life. Only 1 patient was identified with a severe phenotype requiring continuous assisted
ventilation, Hirschsprung’s disease, and a neural crest tumor, which was resected. Five patients required positive pressure ventilation via tracheostomy only
during sleep and 2 patients required oxygen only during sleep. Four patients had Hirschsprung’s disease and 1 patient had a cardiac pacemaker due to a
bradyarrhythmia. None of the patients had echocardiographic abnormalities.
Conclusions:Patients with CCHSPHOX2BNPARMcan have variable phenotypes, emphasizing the importance of implementing a plan of care that is individualized
for each patient. The type of NPARMand their respective location on thePHOX2B genemay play a critical role in the severity of phenotypes displayed by each patient.
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BRIEF SUMMARY
Current Knowledge/Study Rationale:Nonpolyalanine repeat mutations of the paired-like homeobox 2B gene in patients with congenital central hypoventi-
lation syndrome are generally associated with severe phenotypes requiring continuous assisted ventilation, Hirschsprung’s disease, and neural crest tumors.
Because patients with relatively milder or variable phenotypes have been reported, we sought to determine the clinical features in our cohort of patients with
nonpolyalanine repeat mutations.
Study Impact: This study shows that patients with congenital central hypoventilation syndrome and nonpolyalanine repeat mutations can have variable phe-
notypes. It demonstrates the importance of regular surveillance studies to determine each patient’s phenotype and individualized care.

INTRODUCTION

Congenital central hypoventilation syndrome (CCHS) is a rare
genetic disorder caused by variants in the paired-like homeobox
2B (PHOX2B) gene.1 Most patients with CCHS present in the
newborn period with apnea, hypoxemia, and hypoventilation
requiring assisted ventilation. Due to impaired central regulation
of breathing, individuals with CCHS require lifelong assisted
ventilation that can be delivered by positive pressure ventilation
via tracheostomy (PPV-T), noninvasive positive pressure venti-
lation (NPPV), and/ordiaphragmpacing.1,2The spectrumofven-
tilatory abnormalities ranges between sleep-disordered
breathing, central sleep apnea, and hypoventilation during
sleep needing assisted ventilation to hypoventilation even dur-
ing wakefulness requiring continuous assisted ventilation.1,2

Because CCHS is a generalized disorder of the autonomic ner-
vous system (ANS), affected patients may manifest features of

ANS dysfunction, such as bradycardia, cardiac arrhythmia that
mayrequire implantationofacardiacpacemaker,Hirschsprung’s
disease (HD), and tumors of neural crest origin (NCT) such as
neuroblastoma, ganglioneuroma, and ganglioneuroblastoma.1,3

ThePHOX2B gene is located on chromosome 4p12 and enco-
des a transcription factor that is important for the development of
theANS.ThePHOX2Bgenenormallycontainsa repeat sequence
of 20 alanines in exon 3. The majority (90%) of patients with
CCHS have increased polyalanine repeats in exon 3 of the
PHOX2B gene resulting in polyalanine repeat expansion muta-
tions (PARM). Approximately 10%of patients are heterozygous
for nonpolyalanine repeat mutations (NPARM) in the PHOX2B
gene that include frameshift, nonsense, and missense mutations,
whereas less than 1% have PHOX2B exon or whole gene dele-
tion.1,4,5 The majority of NPARM are reported to cause severe
phenotypeswithneed for continuousassistedventilation,Hirsch-
sprung’s disease, and increased NCT risk.6 However, there are
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several case studies of patients with NPARM and relatively
milder phenotypes.7–13 Respiratorymanifestations in these cases
include central apneas with hypoxemia,9,14 central sleep
apnea,10,15 and requirement of assisted ventilation only during
sleep.7,8,11,13,16–18 Moreover, some individuals with NPARM
may be asymptomatic and are only identified by genetic studies
due to an affected family member.7,15,17 The aim of our study
was to describe the spectrum of phenotypes in patients with
CCHS PHOX2BNPARM.

METHODS

The study is a retrospective case series of all patients with CCHS
PHOX2B NPARM treated at Children’s Hospital Los Angeles
and Children’s Healthcare of Atlanta between 2004 and 2018.
Patients with CCHS PHOX2B NPARM were identified by
reviewing the medical records of all patients with CCHS man-
aged in the pulmonology and sleep medicine clinics at both
institutions. De-identified demographic and clinical informa-
tion was collected for all patients during the study period.
The recorded data included PHOX2B gene variant; age and
clinical features at presentation; duration and modality of assis-
ted ventilation; presence of HD, NCT, and cardiac arrhythmia;
and other clinical manifestations. All patients had confirmed
PHOX2B gene mutation analysis. The study was approved by
the Institutional Review Board at both institutions.

RESULTS

We identified 8 patients with 7 different heterozygous PHOX2B
NPARMvariants between 3 to 31 years of age. Five patientswith

CCHSPHOX2BNPARMwere identified at Children’s Hospital
Los Angeles and 3 patients at Children’s Healthcare of Atlanta.
ThePHOX2Bgenotypeandclinicalcharacteristicsofourpatients
are summarized in Table 1 and Table 2. All patients presented
with respiratory depression in the first 2 months of life. Seven
patients were diagnosed in infancy and 1 patient at 2 years of
age. Patients 1 and 2 were previously reported with descriptions
of their genotype and phenotype.7 A brief description of the het-
erogeneous phenotypes is discussed here. In both institutions,
annual cardiac ambulatory monitoring for at least 72 hours was
performed toassess forcardiacdysrhythmia. Inaddition,periodic
echocardiographywasperformed.Other surveillancemonitoring
was performed at the discretion of the patient’s pulmonologist at
both institutions.

Patient 3
Patient 3 was born at term and presented at birth with cyanosis
briefly requiring supplemental oxygen. She had feeding difficul-
ties, constipation, and at 2weeks of age she developed abdominal
distension and was diagnosed with HD. Rectal biopsy was per-
formed, which showed long-segment HD. Following colostomy
and subsequent pull-through surgeries, she developed cardiore-
spiratory arrest after receiving narcotic analgesics. In subsequent
hospitalizations for gastrointestinal problems at 9months of age,
hypoxemia was noted, requiring initiation of supplemental oxy-
gen. Polysomnography was performed that showed central sleep
apnea, hypoxemia, and hypoventilation with end-tidal carbon
dioxide (ETCO2) above 50 mm Hg for 60% of the sleep time.
CCHS was suspected and NPPV was initiated. She was dis-
charged home on continuous NPPV with home nursing. At 15
months of age, she was weaned to NPPV only during sleep. At
20 months of age, PHOX2B genetic studies were performed
and revealed a c.945A>G NPARM resulting in an abnormally

Table 1—Patient characteristics and PHOX2B NPARM genotype.

Patient Age (y), Sex
PHOX2B Gene Variant

(NM_003924.3) Clinical Presentation
Age at

Diagnosis Parental PHOX2B Origin

1 5, F c.245C>T (p.Pro82Leu) in exon 2 Apnea, respiratory distress,
bradycardia at birth

2 months Inherited from
asymptomatic mother

2 31, F c.245C>T (p.Pro82Leu) in exon 2 Apnea, cardiorespiratory arrest at 2
weeks age

4 weeks 16.7% allele frequency
(mosaicism) in mother

3 11, F c.945A>G (p.*315Trpext*41) in exon 3 Cyanosis at birth, HD 9 months N/A

4 27, M c.428A>G (p.Gln143Arg) in exon 2 Apnea, cyanosis at birth, HD 5 weeks De novo

5 3, M c.547G>T (p.Glu183Ter) in exon 3 ALTE at 7 weeks of age, OSA,
recurrent apneas

2 years N/A

6 7, F c.432_433 deIGTinsTC (p.Trp145Arg)
in exon 3

HD at birth, apnea, and hypoxemia at
6 weeks age

2 months N/A

7 3, M c.448C>T (p.Arg150Cys) in exon 3 Apnea at birth, respiratory failure at 2
months with viral respiratory
infection

3 months N/A

8 3, F c.242-1G>A in intron 1 splice acceptor Hypoxemia, hypotonia, feeding
problems at birth, and OSA

9 months De novo

ALTE=apparent life-threatening event, F = female,HD=Hirschsprung’s disease,M=male,N/A=not available,NPARM=nonpolyalanine repeatmutation,OSA=
obstructive sleep apnea, PHOX2B = paired-like homeobox 2B.
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elongated PHOX2B protein due to conversion of a stop codon to
tryptophan. By 2.5 years of age, shewas transitioned to tracheos-
tomy and PPV-T during sleep. Despite dietary management and
exercise, she developed progressive weight gain, leading to obe-
sity at 6 years of age. Evaluation by a pediatric endocrinologist
revealed acanthosis nigricans, normal thyroid and adrenal stud-
ies, elevated hemoglobin A1c (6.1%), and impaired glucose tol-
erance on oral glucose tolerance test. At 11 years of age, her
weight was 94 kg (> 97th percentile) and body mass index was
38 kg/m2 (> 97th percentile), which was attributed to exogenous
obesity. Later that year, she was diagnosed with type 2 diabetes
mellitus andmetforminwas initiated. Due to persistent constipa-
tion, colonic manometry was performed that revealed colonic
myopathy in the residual colonic segment. Treatment with
osmotic laxatives and stimulants led to improvement in constipa-
tion. Serial echocardiograms, Holter monitor studies, and imag-
ing studies for neural crest tumors were normal.

Patient 4
Patient 4 was born at term gestation by cesarean delivery and
developed apnea and cyanosis at birth. He was initially placed
on NPPV, but due to persistent hypoxemia and hypercapnia, he
required intubation and mechanical ventilation. Long-segment
HD was diagnosed in the neonatal period, requiring ileostomy
and gastrostomy tube for feeds. At 5 weeks of age, he was clini-
cally diagnosed with CCHS, following which tracheostomy was
performed for assisted ventilation. At 11 years of age, phrenic
nerve electrodes were implanted for diaphragm pacing during
the day while he continued to be ventilated via PPV-T at night.
At 12 years of age, he required resection of the transverse colon
due topersistent symptomsofHD.At15yearsofage,hewasdiag-
nosed with left adrenal ganglioneuroma that was incidentally

detected during an emergency abdominal surgery for intestinal
abscessandwassurgically resected. InitialPHOX2Bgeneticstud-
ies showed normal 20/20 polyalanine repeats. Subsequently,
PHOX2B gene sequencing revealed a missense c.428A>G
NPARM that resulted in conversion of glutamic acid to arginine
in the abnormal PHOX2B protein. He continues to require full-
time continuous assisted ventilation delivered by diaphragm pac-
ing while awake and PPV-T while asleep and gastrostomy tube
feeds. Serial echocardiograms and Holter monitor studies were
normal. NCT surveillance studies have not revealed any recur-
renceofganglioneuroma.ParentalPHOX2B studieswerenormal.
At 27 years of age, he was employed, living independently, and
received night-time home nursing.

Patient 5
Following an uncomplicated term delivery and neonatal course,
patient 5 was hospitalized at 7 weeks of age with apnea and cya-
nosis. Evaluations revealed normal partial pressure of carbon
dioxide on capillary blood gas and normal brain magnetic reso-
nance imaging. He was diagnosed with an apparent life-
threatening event andwas discharged home on an apneamonitor.
Due to recurrent alarms on home apneamonitor, hewas readmit-
ted 5 days later and polysomnogramwas performed that showed
severe obstructive sleep apnea (OSA) with apnea-hypopnea
index (AHI) of 29.5 events/h, hypoxemia with baseline oxygen
saturation (SpO2) of 90–93%, nadir to 84%, and oxygen desatu-
ration index of 39/h. There were no central apneas and peak
ETCO2 was 42 mm Hg, indicating absence of hypoventilation.
Direct laryngoscopy and bronchoscopy were performed and
showedmild laryngomalacia.Supplementaloxygenwas initiated
based on the sleep study. At 22 months of age, he was again hos-
pitalized for apnea and oxygen desaturation during sleep.

Table 2—Summary of clinical manifestations.

Patient
Assisted
Ventilation

Agea at
Initiation of
Assisted
Ventilation

Duration of
Assisted
Ventilation Cardiac Arrhythmia HD

Neurodevelopmental
Delay Neural Crest Tumor

1 PPV-T 1 day Sleep - - Speech delay -

2 PPV-T 4 months Sleep Abnormal Holter study
at 21 years requiring
cardiac pacemaker

- - -

3 PPV-T 9 months Sleep - Present - -

4 DP (day),
PPV-T
(sleep)

1 day Full-time - Present - Adrenal
ganglioneuroma

(resected)

5 Oxygen 1.8 months Sleep - - - -

6 PPV-T 1.4 months Sleep - Present - -

7 PPV-T 2 months Sleep - Present Fine motor, speech
delay

-

8 Oxygen 2 days Sleep - - - -

aAge at initiation of any modality of assisted ventilation including intubation for mechanical ventilation with subsequent failure to wean off ventilatory support
necessitating a tracheostomy, noninvasive positive pressure ventilation, or oxygen. DP = diaphragm pacing, HD = Hirschsprung’s disease, PPV-T = positive
pressure ventilation via tracheostomy, (-) = negative/normal.
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Polysomnogramwas repeated and showed severeOSAwithAHI
of 19.6 events/h and central sleep apnea (central AHI 5.1 events/
h).ThebaselineSpO2on roomairwas94–97%,nadirof78%,and
oxygen desaturation indexwas 64/h. ETCO2was 36–50mmHg,
with peak of 58 mm Hg, and only 0.8% sleep time with ETCO2

greater than 50 mm Hg. Supplemental oxygen was titrated to 2
L/min with improved SpO2 of 95–98% and nadir of 92%. Due
to recurrent apnea, PHOX2B gene sequence analysis was per-
formed and revealed a heterozygous c.547G>T pathogenic vari-
ant in exon3of thePHOX2Bgene.This nonsensevariant resulted
in substitution of guanine to thymine at nucleotide position 547
changing the amino acid from glutamic acid to a premature stop
codon within exon 3. Echocardiogram and Holter monitoring
werenormal.Homeoxygentherapyandpulseoximetrywerecon-
tinued and adenotonsillectomywas performed. At 3 years of age,
polysomnogram was repeated and revealed resolved OSA (AHI
0.4 events/h) and central sleep apnea (central AHI 0.7 events/
h). ETCO2 was 48-50 mm Hg with a peak of 53 mm Hg, and
only 1.4% sleep time with ETCO2 greater than 50 mm Hg.
ETCO2was suspected tobeunderestimateddue to short sampling
time. However, mild sleep-related hypoxemia persisted, requir-
ing1L/minoxygenduring sleep.Hewasevaluatedbyagastroen-
terologist for constipation and studies did not reveal HD. Hewas
diagnosed with functional constipation after a normal anorectal
manometry study, and osmotic laxative therapy was initiated.
Imaging studies for NCT, ophthalmologic evaluation, annual
echocardiograms, and Holter monitor studies were normal. Due
to concern for underrecognized hypoventilation, persistent
sleep-relatedhypoxemia,and thediagnosisofCCHS,NPPVther-
apywas initiated. However, hewas unable to tolerate NPPVdur-
ing sleep and was referred to a sleep psychologist for
desensitization strategies. Therefore, he continued to use oxygen
during sleep with pulse oximetry.

Patient 6
Patient 6was born at 38weeks gestation by normal vaginal deliv-
eryanddevelopedabdominaldistensionandbiliousemesison the
seconddayof life.Abdominal radiographshowedgaseousdisten-
sion of multiple loops of bowel suspicious for intestinal obstruc-
tion. Rectal biopsy established a diagnosis of HD and subtotal
colectomy and colostomy were performed. She was extubated
postoperatively and remained on room air until 6 weeks of age
when she developed apnea and hypoxemia. Polysomnogram
revealed obstructive and central sleep apnea, with obstructive
and central AHI of 10 and 8 events/h, respectively. The average
SpO2 was 96%, nadir to 75%, and SpO2 was less than 90% for
10% of the sleep time. ETCO2 ranged from 40–62 mm Hg, and
ETCO2 was above 50 mm Hg for 40% of the study, diagnostic
of sleep-related hypoventilation. Flexible nasolaryngoscopy,
echocardiogram, and brain magnetic resonance imaging were
normal.PHOX2Bgenesequenceanalysis showedaheterozygous
previously undescribed variant, c.432_433delGTinsTC caused
by a 2-nucleotide deletion and a 2-nucleotide insertion within
exon3of thePHOX2Bgene.ShewasventilatedbyPPVvia endo-
tracheal tube until 8 weeks of age, when she underwent tracheos-
tomy for ventilation access. The followingmonth, she underwent
colostomy take-down and pull-through surgery for HD. She was

discharged home on continuous PPV-T at 3months of age. At 10
months of age, she was weaned to PPV-T only during sleep.
Annual imaging studies for NCT, echocardiograms, and Holter
monitor studies were normal.

Patient 7
Patient 7was born at 38weeks gestation by cesarean delivery.He
developedapnea and feedingdifficulties at birth requiring admis-
sion to the neonatal intensive care unit.He did not require oxygen
or assisted ventilation in the neonatal period and was discharged
homewhen apneas resolved at 1weekof age. Feedingdifficulties
persisted in the first 2 months of life with coughing and emesis
after feeds. At 2 months of age, he presented to the emergency
department with history of cough, nasal congestion, apnea, and
duskiness. Hewas admitted in acute hypoxemic and hypercapnic
respiratory failure due to rhino/enterovirus requiring high-flow
nasal cannula therapy. He had SpO2 of 84%, partial pressure of
carbon dioxide of 63 mmHg, and chest radiograph showed right
upper lobar consolidation.He continued to have recurrent apneas
despite antibiotics, radiographic resolution of consolidation,
nasogastric tube feeds, andNPPVsubsequently requiring intuba-
tion and mechanical ventilation. He failed 3 trials of extubation
with ensuing apnea, hypoxemia, and hypercapnia. Echocardio-
gram and brain magnetic resonance imaging were normal, and
endoscopic airway evaluation showedmild bilateral bronchoma-
lacia and airway edema. At 3 months of age, PHOX2B genetic
studies revealed a heterozygous c.448C>T variant on exon 3 of
the PHOX2B gene. This missense variant resulted in a cytosine
to thymine substitution at nucleotide position 448, changing the
amino acid at codon 150 from arginine to cysteine. At 4 months
of age, he underwent tracheostomy for ventilator access and gas-
trostomy tube placement. Despite absence of symptoms of HD,
barium enema was performed and was indicative of HD. Subse-
quently, rectal biopsy was performed that revealed absence of
ganglion cells confirming the diagnosis of rectosigmoid HD
and endorectal pull-through surgery was performed. He was dis-
charged home on continuous PPV-T and gastrostomy tube feeds
at 6months of age. Hewasweaned to PPV-T only during sleep at
11 months of age and at 1 year of age, gastrostomy tube was
removed after a normal videofluoroscopic swallow study. At 2
years of age, neurodevelopmental evaluation revealed finemotor
andspeechdelay.Echocardiograms,Holtermonitoring,andstud-
ies for NCT were normal.

Patient 8
Patient 8was born at 37weeks gestational age by cesarean deliv-
ery and required hospitalization for feeding problems. She had
mildhypotonia and intermittent desaturations requiring initiation
of supplemental oxygen. Echocardiogram resulted normal. At 3
weeks of age, she was discharged home on continuous supple-
mental oxygen that was weaned to sleep use only at 3 months of
age. She had a polysomnogram that showed mild OSA (AHI
3.1 events/h), baseline SpO2 of 98%, SpO2 less than 90% for
3% of sleep time, and nadir to 70% while on room air. She was
unable to tolerate the ETCO2 cannula during the study to assess
for hypoventilation. Flexible nasolaryngoscopy showed normal
findings.At 6months of age, shewas hospitalized for pneumonia
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when she presented with cough, wheezing, rhinorrhea, hypox-
emia, and persistent feeding difficulties. Aspiration was sus-
pected, and videofluoroscopic swallow study showed multiple
deep laryngeal penetrations with thin liquids alleviated by thick-
ening liquids. Her serum bicarbonate level was normal (24mEq/
L). During the hospitalization, bradypnea and oxygen desatura-
tions were noted during sleep while on baseline oxygen require-
ment of 0.25 L/min. Due to uncertain etiology of hypoxemia
and bradypnea, PHOX2B genetic studies were performed and
revealed a previously undescribed heterozygous c.242-1G>A
splice variant. At 2 years, polysomnogram was repeated and
showed severe OSA (AHI 12.4 events/h), baseline SpO2 of
95%, nadir to 75%, and SpO2 less than 90% for 1.2% of sleep
time.ETCO2rangedfrom30 to55mmHg,andETCO2wasabove
50mmHgfor32%ofsleep time,diagnosticofsleep-relatedhypo-
ventilation. She was placed on NPPV, but she was unable to tol-
erate it. She underwent adenotonsillectomy, and repeat
polysomnogram showed residual moderate OSA (AHI 9
events/h), baseline SpO2 of 95%, SpO2 less than 90% for 0.7%
of sleep time, and nadir to 80%while on roomair. ETCO2 ranged
from 30 to 54mmHg, and ETCO2was above 50mmHg for 14%
of sleep time. The persistent OSA was attributed to exogenous
obesity (both weight and body mass index > 99th percentile),
and NPPV was tried again due to concern for potential progres-
sion of hypoventilation. However, she was unable to tolerate
NPPV despite several attempts. She continued to use oxygen
with pulse oximetry during sleep. She did not have HD but had
functional constipation. Echocardiogram, Holter monitoring,
imaging studies for NCT, and parental PHOX2B studies were
normal.

DISCUSSION

Our study shows that patients with CCHS PHOX2B NPARM
can have a range of respiratory abnormalities from sleep-
disordered breathing, central sleep apnea, to alveolar hypoven-
tilation and need for ventilatory support as well as ANS
involvement. We identified only 1 patient with a severe pheno-
typemanifestedbyrequiringcontinuousassistedventilation,HD,
andNCT. Five (63%) patients required PPV-T during sleep only.
More significantly, we describe 2 patients requiring oxygen sup-
plementation during sleep only without HD or NCT. Four (50%)
patients had HD, and only 1 patient had a cardiac pacemaker due
tobradyarrhythmia.Thus,our studyadds to thegrowing literature
describing the heterogeneous phenotypes in patients with CCHS
PHOX2B NPARM variants and suggests that not all NPARM
produce severe disruption of PHOX2B function as previously
reported.1,6

In general, patients with NPARM require continuous assisted
ventilation.1 In our study, only 1 patient required continuous
assisted ventilation and 5 patients required assisted ventilation
only during sleep. Moreover, several case studies in patients
with NPARMs have now reported a relatively milder respiratory
phenotype requiring assistedventilationonlyduring sleep,with 2
studies reporting children with NPARMs requiring only oxygen
during sleep.7–9,11,13,16–18 Unger et al9 reported an infant with

HD, central apnea, and mild hypoventilation treated with only
supplemental oxygen. Byers et al8 reported 3 patients with the
same NPARM and relatively mild and variable respiratory phe-
notype wherein each patient required either no respiratory sup-
port, oxygen, or NPPV during sleep. In their study, a patient
initially treated with only supplemental oxygen later developed
profound central sleep apnea and OSA with associated hypox-
emia and hypercapnia requiring initiation of NPPV during sleep.
In our study, we identified 2 patients (patients 5 and 8) without
hypoventilationmanagedwithonlyoxygenduringsleep. It ispos-
sible these patientsmayprogress to develophypoventilation sim-
ilar to the Byers et al8 study, emphasizing the importance of
periodic polysomnography. Sleep studies in our patients identi-
fiedOSA,central sleepapnea, andhypoxemiawithout significant
hypercapnia following treatment of OSA. Therefore, hypoventi-
lation may not always be the hallmark of CCHS as previously
reported.8,9,19With increased awareness of CCHS and availabil-
ity of PHOX2B genetic studies, patients with atypical presenta-
tions and variable phenotypes are being identified, leading to
the dilemma of formulating optimal ventilatory management
strategies. At initial diagnosis during infancy, the current guide-
line recommends PPV-T to ensure optimal oxygenation, ventila-
tion, and neurocognitive outcomes.1 Based on the existing case
studies and our own study, mechanical assisted ventilation via
tracheostomy may not be necessary in all patients with less
severe respiratory phenotypes.8,9 In general, assisted ventilation
is indicated when patients develop sleep-disordered breathing or
hypoventilation. Assisted ventilation strategies may need to be
individualized based on the severity of ventilatory disturbances.
Nevertheless, even patients with relatively mild or variable phe-
notypes require close clinical follow-up, includingperiodic poly-
somnography, as the longitudinal evolution of ventilatory and
ANS abnormalities with different NPARM is unclear.8,9

Although most patients with CCHS present in the neonatal
period, patients may present later in infancy, childhood, and
even during adulthood.1,7,20 In some patients with late-onset
CCHS, respiratory failure or unexplained hypoventilation may
occur followingarespiratory infectionorexposure toanesthesia.1

In our study, 6 patients developed respiratory depression in the
neonatal period and 2patients presented later in infancy. Interest-
ingly, patient 7 developed apnea at birth that spontaneously
resolved and later presented with persistent respiratory failure
at 2 months of age following a pneumonia leading to the
diagnosis of CCHS. Indeed, studies have identified individuals
diagnosed with CCHS PHOX2B NPARM during childhood
and even during adulthood.11,21,22 This phenotypic variability
in onset of ventilatory abnormalities may be due to environ-
mental factors or modifier genes that alter the activity or expres-
sion of PHOX2B.20

HD is more prevalent in patients with NPARM (80%) com-
pared to those with PARM (19%).1 However, in our study only
4 (50%) patients had HD and 2 patients had functional constipa-
tion. CCHSmanagement guidelines recommend evaluations for
HD by barium enema ormanometry and rectal biopsy in patients
with constipation, and recommend against systematic investiga-
tions in asymptomatic patients.1,19 However, patient 7 was diag-
nosed with HD despite absence of symptoms of HD. In this
patient, bariumenemawas performed solely based on the clinical
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association of HDwith NPARM and was indicative of HD. This
case highlights the importance of evaluating patients with
NPARM for HD despite the absence of symptoms. In our study,
4 patients had feeding difficulties at birth and 2 patients required
gastrostomy tube feeding. In addition, patient 8 had an abnormal
swallow study requiring thickening of feeds. Therefore, infants
with CCHS, particularly those with feeding difficulties, demand
formal evaluation to determine safety of oral feeding and may
require gastrostomy tube temporarily for adequate nutrition.23,24

NCTs are alsomore prevalent in patientswithNPARM(41%)
compared to thosewithPARM(1%).1 In our study, only 1 patient
developed an adrenal ganglioneuroma requiring resection at 15
years of age. Due to the reported high prevalence of NCT in
patients with NPARM, delayed presentation, and potential
adverse outcomes, serial evaluations for NCT should be per-
formed.1,19 In 2008, Gronli et al25 reported an association
between the size of polyalanine expansion in patients with
PARM and the duration of R-R interval on Holter monitoring
requiring implantation of cardiac pacemaker. However, the risk
of cardiac arrhythmias in individuals with NPARM remained
unascertained.1 Indeed, a recent study showed that all patients
with CCHS may be at risk for cardiac arrhythmia regardless of
clinical symptoms or type of PHOX2B variant.3 In our study,
patient 2 had an abnormal Holter monitoring requiring cardiac
pacemaker implantation at 22 years of age.7 As sinus pauses
can develop at any age including adulthood, even asymptomatic
patients with CCHS require routine annual cardiac monitoring
studies.1,3 Our findings reiterate that all the clinical features of
CCHS do not manifest at birth. Clinical features such as cardiac
arrhythmia, hypoventilation, and NCT can manifest at any age
inpatientswithCCHSemphasizing the importanceof routinesur-
veillance for these conditions.1,7,8,19

Among theNPARM, frameshiftmutations (78%) are reported
to be the most common.1,6 Most reported NPARM are located at
the end of exon 2 or exon 3 of the PHOX2B gene.6 NPARM are
associated with heterogeneous phenotypes, variable penetrance,
and expressivity.19 The phenotypic variability may be caused by
unknown gene modifiers.20,26 This possibility may explain the
phenotypic variability seen in the family of patients 1 and 2 in
our study. Themissense variant c.245C>T in patient 1was inher-
ited from her asymptomatic mother. The affected maternal aunt
(patient 2) inherited the same variant from her asymptomatic
mother who had mosaicism. Different NPARM in the PHOX2B
gene lead to different levels andmechanisms of cellular dysfunc-
tion, which have important implications for the severity of each
patient’s phenotype. Cain et al13 reported that nonsense patho-
genic variants in exon 1 of the PHOX2B gene escape nonsense-
mediated decay (a cellular surveillancemechanism that prevents
synthesis of abnormal proteinswith potentially toxic effects) and
produce truncated proteins that are functionally distinct com-
pared to those produced by the PARM. Therefore, the type of
NPARM and their respective location on the PHOX2B gene
may play a critical role in the severity of phenotypes displayed
by each patient. PARM and NPARM have different consequen-
ceson thePHOX2Bprotein and its function; however, themolec-
ular effects of NPARM are not fully understood.26–29 Due to the
broad phenotypic spectrum reported in patients with NPARM,
clinicians should thoroughly assess each patient’s phenotype

and perform routine surveillance studies for ventilatory abnor-
malities, cardiac arrhythmias, andNCTin accordancewith estab-
lished guidelines.1,19

In summary, we report that patients with CCHS PHOX2B
NPARM can have relatively mild and heterogeneous pheno-
types. Based on the variable NPARM phenotypes seen in our
study and the existing literature reporting a broad spectrum of
phenotypes, close monitoring of each patient with CCHS
PHOX2B NPARM is essential to identify early manifestations
of the associated comorbidities and implement a plan of care
that is individualized for each patient.

ABBREVIATIONS

AHI, apnea-hypopnea index
ANS, autonomic nervous system
CCHS, congenital central hypoventilation syndrome
ETCO2, end-tidal carbon dioxide
HD, Hirschsprung’s disease
NCT, neural crest tumor
NPARM, nonpolyalanine repeat mutation
NPPV, noninvasive positive pressure ventilation
OSA, obstructive sleep apnea
PARM, polyalanine repeat expansion mutation
PHOX2B, paired-like homeobox 2B
PPV-T, positive pressure ventilation via tracheostomy
SpO2, oxygen saturation
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