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Inheritance of polyalanine expansion mutation
of PHOX2B in congenital central hypoventilation

syndrome

Toru Meguro!, Yuki Yoshida!, Makiko Hayashi!, Kentaro Toyota!, Tesshu Otagiri!, Narutaka Mochizuki?,
Yumiko Kishikawa!, Ayako Sasaki! and Kiyoshi Hayasaka!

Congenital central hypoventilation syndrome (CCHS; MIM 209880) is caused mostly by dominant alanine expansion (most
prevalent is 7-alanine expansion) mutations in PHOX2B. More than 90% of the alanine expansion mutations had been
considered to be de novo due to unequal crossover during gametogenesis. However, a recent report stated that 25% of patients
inherited the alanine-expanded allele from their parents with somatic mosaicism or constitutive mutation. We studied
inheritance in 45 unrelated families, and found that one patient (2%) inherited 5-alanine expansion mutation from a parent
with late-onset central hypoventilation syndrome and nine patients (20%) inherited 5- to 7-alanine expansion mutation from
apparently asymptomatic parents with somatic mosaicism. Analysis using a sensitive method would be recommended to all
parents of CCHS proband due to high incidence of somatic mosaicism. The absence of an alanine-contracted allele (expected
counterpart allele in unequal crossover) and the highest prevalence of 6-alanine expansion mutation in somatic mosaicism
suggest that the somatic mosaicism is likely caused by a mechanism other than an unequal crossover, such as a replication

mechanism.
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INTRODUCTION

Congenital central hypoventilation syndrome (CCHS; MIM 209880)
is characterized by failure of the automatic control of breathing
during sleep, and results from the dominant PHOX2B mutation.
More than 90% of patients have polyalanine expansion mutations in
the polyalanine tract of 20 residues, and less than 10% of patients
have frameshift or point mutations.!™* More than 90% of polyalanine
expansion mutations have been considered to be de novo, and about
10% of the mutations were thought to have been inherited mostly
from asymptomatic parents with somatic mosaicism and rarely from
affected parents.*® Most recently, Bachetti et al” analyzed 52 parents
using a sensitive method involving coupling amplification with
carboxyfluorescein (FAM)-tagged primers and capillary electrophoresis,
and found that 13 of the cases (25%) inherited the expanded mutations
from a parent with late-onset central hypoventilation syndrome (LO-
CHS) or asymptomatic parents with somatic mosaicism or constitutive
mutation. Herein, we studied the inheritance of expanded mutation in
45 unrelated families, and found that one patient (2%) inherited it
from the mother with LO-CHS, and nine patients (20%) inherited
each mutation from apparently asymptomatic parent with somatic
mosaicism.

MATERIALS AND METHODS

CCHS families analyzed

The ethics committee of the Yamagata University School of Medicine approved
this study. After receiving written informed consent from the patients’ families,
peripheral blood was collected from family members for genomic DNA
extraction. We studied 45 CCHS families with alanine expansion mutation. In
all, 8 patients carried 5-alanine, 15 patients carried 6-alanine, 18 patients
carried 7-alanine, 1 patient carried 11-alanine, 2 patients carried 12-alanine
and 1 patient carried 13-alanine expansion mutations (Figures 1 and 2). One
patient (case 79) was speculated to carry 7-alanine expansion mutation. This
family had two deceased sibling patients complicated with Hirschsprung’s
disease, whose specimens were not available for genetic analysis. The parents
cooperated with the study, and the father was identified as showing somatic
mosaicism of 7-alanine expansion mutation (Table 1).

Molecular analysis of PHOX2B

We screened the coding region of PHOX2B by direct sequencing essentially
according to the method described by Matera et al.® For the analysis of somatic
mosaicism of the family members of the patients carrying polyalanine
expansion mutation, we amplified a 458-bp fragment or a 254-bp fragment
including a polyalanine sequence in exon 3 from genomic DNA with primers
22F 5/-GCACTGACCCGGACAGCACT-3 and 3.3R 5-TACCCGCTCGCCCA
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Phenotypic variability in the family of case 17 carrying
5-alanine expansion mutation
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Figure 1 Phenotypic variability in the family of case 17 carrying 5-alanine
expansion mutation. Filled squares and circles indicate affected males and
females, respectively. Numbers under symbols and those in parentheses
represent the age and percentage of mosaicism, respectively. The arrow
indicates the proband. CCHS, congenital central hypoventilation syndrome;
LO-CHS, late-onset central hypoventilation.

Number of alanine-expansion mutations in the studied patients
and in the cases inherited from mosaic parents
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Figure 2 Number of alanine-expansion mutations in the studied patients
and in the patients inherited from mosaic parents. Open and filled bars
represent the studied patients and patients inherited from the mosaic
parents, respectively.

CTCG-3 or with primers 22F 5'-GCACTGACCCGGACAGCACT-3" and 279R
5'-GAGCCCAGCCTTGTCCAGG-3'; the forward probes were 5 labeled with
carboxyfluorescein (FAM) according to the method of Trochet et al®>® and
Bachetti et al.” We loaded the PCR product on a 3130 Capillary Sequencer (PE
Applied Biosystems, Foster City, CA, USA), used ROX500 (PE Applied
Biosystems) as a size marker, and analyzed somatic mosaicism using
GeneMapper version 4.1 software (PE Applied Biosystems). The percentage
of mutant alleles was estimated by dividing the area under the peak
corresponding to the mutant allele (E) by the sum of wild type (W) and
mutant peak areas (E--W). Mosaicism of 5-, 6- and 7-alanine expansion
mutations and mosaicism of 11-, 12- and 13-alanine expansion mutations
were detected using primers with 22F and 3.3R, and using primers with 22F
and 3.3R, respectively. To validate the technique and correct the percentage of
mutant alleles, DNA solutions containing 1.25, 2.5, 3.75, 5, 12.5, 25, 32.5 and
50% of 5-, 6-, 7- and 13-alanine expansion mutations were prepared by mixing
genomic DNA from controls and patients, of which the mixing ratio was

Joumal of Human Genetics

Table 1 Rate of mosaicism in the parents with somatic mosaicism

Mosaicism
Case Parenis Expanded Affected E/E+ W (%)
number Sex  (mosaicism)  alanine  siblings (observed) (calculated)
Case 3 Female Mother 6-Alanine - 0.251 51
Case 41  Female Father 6-Alanine - 0.025 5
Case 46 Male Father 6-Alanine - 0.043 9
Case 55  Female Father 6-Alanine - 0.023 5
Case 68 Male Mother 5-Alanine + 0.306 62
Case 79 Male Father 7-Alanine? + 0.040 8
Case 84 Male Mother 6-Alanine + 0.269 55
Case 85 Male Father 7-Alanine - 0.028 6
Case 97  Female Father 7-Alanine - 0.280 58

The percentage of mutant alleles was estimated by dividing the area under the peak
corresponding to the mutant alfele (E) by the sum of wild type (W) and mutant peak areas
(E+W).

47-alanine expansion was speculated from his father's data.

determined by the content of the template for the glyceraldehyde-3-phosphate
dehydrogenase gene spanning from nucleotide 804 to nucleotide 903
(NM_002046.2) estimated by real-time PCR.!® Linear regression between the
amounts of different alanine-expanded alleles and expected mosaicism levels
were estimated with the degree of correlation measured by the R? coefficient.
The equation of the regression line and R? coefficient for 5-, 6-, 7- and 13-

alanine expansion mutation were Y= 049X (R*=0.9948), Y=0.49X
(R?=0.9998). Y=048X (R’=0.9986) and Y=046X (R?*=0.9977),
respectively.

To confirm the mosaicism of the parents detected by fragment analysis, a
PCR fragment was subcloned into the TA cloning vector and the sequence of
expanded clones was determined.

RESULTS

Among 45 CCHS families, we found that one patient inherited
5-alanine expansion mutation from a parent affected with LO-CHS
(Figure 1), and nine patients inherited alanine expansion mutation
from apparently asymptomatic parents with somatic mosaicism
(Table 1). One patient inherited 5-alanine, five patients inherited
6-alanine, and three patients inherited 7-alanine expansion mutations
from the parents with somatic mosaicism (Table 1, Figure 2). The
percentage of mosaicism in each parent ranged from 5-62% and three
patients had affected siblings. Six patients inherited expansion
mutation from their fathers and three patients inherited it from their
mothers.

Case 17, who was heterozygous for 5-alanine expansion mutation,
presented with respiratory symptoms in the neonatal period, and his
mother and grandmother were diagnosed with LO-CHS by poly-
somnography at the age of 35 and 68 years, respectively, following the
diagnosis of the proband (Figure 1). His uncle had cardiac failure
at the age of 31 years, and was confirmed to have LO-CHS by
polysomnography. His half-brother, aged 14 years, was affected with
cerebral palsy due to an unknown cause, but had no sleep apnea on
polysomnography. The proband, half-brother, mother, uncle and
grandmother were heterozygotes for 5-alanine expansion mutation
(Figure 1).

DISCUSSION

Our study of 45 CCHS families revealed that one case (2%) inherited
5-alanine expansion mutation from the parent with LO-CHS
(Figure 1) and nine cases (20%) inherited 5- to 7-alanine expansion
mutation from the parents with somatic mosaicism (Table 1). Most
CCHS patients carry 5- to 13-alanine expansion mutations in



PHOX2B,and more than 90% of its mutations had been considered to
be de novo,*8 However, Bachetti et al.” analyzed 52 parents using a
sensitive method, and found that 13 cases (25%) inherited the
expanded mutations from their parents: 1 case inherited 5-alanine
expansion mutation from a parent with LO-CHS, 2 cases inherited
5-alanine expansion mutation from asymptomatic parents with
constitutive mutation, and 10 cases (five cases with 6-alanine, three
cases with 7-alanine, 1 case with 9-alanine and 1 case with 13-alanine
expansion mutation) from the parents with somatic mosaicism. As
shown in Table 1, the level of mosaicism of each parent ranged from
5-62%. Three patients had affected siblings. The family of case 79 had
two deceased sibling patients complicated with Hirschsprung’s dis-
ease, whose specimens were not available for genetic analysis.
Considering the recurrent mutation in this family, we analyzed the
parents for genetic mosaicism, and detected the somatic mosaicism of
7-alanine expansion mutation in the father. The expanded mutation
was definitely transmitted to the descendants even with the low level
of mosaicism (5%) in the somatic genomes of the parent. The
proportion of mutant alleles in somatic mosaicism may not reflect the
proportion in germline mosaicism. Our study confirmed a high-
frequency inheritance of alanine expansion mutation from mosaic
parents and we would recommend testing all parents of CCHS
proband with a sensitive fragment analysis.”!?

The symptoms of the patients likely depend on the length of the
expanded alanine. The individuals carrying 5-alanine expansion
mutations are known to present central hypoventilation in the
neonatal period or in a later period (LO-CHS), or are asymptomatic
due to incomplete penetrance.!! Therefore, the patients carrying
5-alanine expansion mutation would inherit the mutation from
asymptomatic parents (parents with constitutive mutation or
mosaicism) or parents affected with LO-CHS. Case 17 was a patient
showing neonatal onset, and his mother and grandmother were
diagnosed with LO-CHS by polysomnography at the age of 35 and 68
years, respectively, following the diagnosis of the proband (Figure 1).
As for the symptoms in somatic mosaicism, nearly all individuals with
somatic mosaicism were asymptomatic. However, one case mosaic for
8-alanine expansion mutation developed central hypoventilation in
his forties.!?> The mosaic parents may require polysomnographic
examination.

We previously reported that de novo alanine expansion mutation
was of paternal origin and possibly caused by unequal sister
chromatid exchange during spermatogenesis.'>'> However, a
significantly high incidence of the mutation inherited from mosaic
parents may raise the question of whether de novo polyalanine
expansions are due to unequal crossover in the germline. No
alanine-contracted-counterpart allele (expected counterpart allele in
unequal crossover) was detected in individuals showing somatic
mosaicism. In contrast, polymorphic alanine-contracted alleles were
frequently detected in healthy individuals.h¥19 It is also interesting
to note that the most prevalent alanine-expanded allele is different
between whole CCHS patients and the patients inherited from mosaic
parents (Figure 2). Seven- and six-alanine-expanded alleles are most
prevalent in whole CCHS patients and the patients inherited from
mosaic parents, respectively (Figure 2).>710 Therefore, alanine
expansion mutation in somatic mosaicism is not likely caused by
an unequal crossover, but by a replication mechanism such as a model
of repeat instability generated during the replication fork stalling and
restart within the repetitive run.!” Even though about 25% of the
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alanine expansion mutations would be transmitted from the parents
with mosaicism or constitutive mutation, a major part (about 75%)
of mutation is likely de novo.

In conclusion, nearly 25% of CCHS patients carrying polyalanine
expansion mutation inherit the mutation from parents with somatic
mosaicism or constitutive mutation, and familial analysis using a
sensitive method is needed for effective genetic counseling and the
study of the alanine expansion mechanism.
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Slowly progressive sleep apnea in late-onset central

hypoventilation syndrome
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'Department of Pediatrics, Ohchi Hospital, Ohnan-cho, *Department of Pediatrics, Matsue Red Cross Hospital, Matsue,
Shimane, *Division of Neonatal Intensive Care, Tokyo Women's Medical University Medical Center East, Tokyo and
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Congenital central hypoventilation syndrome (CCHS or Ond-
ine’s curse) is a life-threatening disorder involving impaired ven-
tilatory responses to hypercapnia and hypoxemia resulting in
sleep hypoventilation. The paired-like homeobox 2B (PHOX2B)
gene was identified as the causative gene of CCHS. Patients with
CCHS generally suffer from hypoventilation, which becomes
more pronounced during sleep, immediately after birth or at least
within a few days. Recently, some patients were reported to
experience sleep hypoventilation later in life, so-called late-onset
central hypoventilation syndrome (LO-CHS). In this paper, we
present a case with LO-CHS with an atypical clinical course, that
is, the severity of the sleep hypoventilation gradually deteriorated
over several years, and additional symptoms that might have been
possible bad effects of the oxygen supply appeared after the start
of home oxygen therapy.

Case Report

The patient was a Japanese boy born to healthy parents without
consanguinity: a 40-year-old father and a 38-year-old mother. No
relatives of either parent suffered from sleep disturbance. A nine-
year-old elder sister, who is healthy and has no sleep problems,
is the only sibling. The patient was delivered naturally trans-
vaginally as a full-term infant without any complication during
pregnancy and delivery. In the newborn period he required pho-
totherapy for neonatal hyperbilirubinemia with favorable
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improvement, other symptoms not being noticed. After good
growth and development, at 1 year and 2 months of age he was
hospitalized due to respiratory failure caused by severe pneumo-
nia, when hypoventilation was noticed in sleep for the first time.
During sleep he exhibited reduced respiratory thorax movement,
hypoxia and hypercapnia, all of which quickly deteriorated after
be fell asleep but improved when he woke up. He required assist-
control ventilation. He also suffered from hypothyroidism and
auxocardia, and was thus given denopamine, furosemide,
spironolactone and levothyroxine sodium hydrate. As the pneu-
monia improved, the sleep hypoventilation disappeared; he was
discharged from the hospital and lived a healthy life at home. He
was noticed to exhibit developmental delay at 1 year and 6
months of age. At 2 years and 8 months of age he underwent
cardiac catheter examination to determine the cause of auxocar-
dia, edema, and appetite loss, which were symptoms/signs first
noticed at 1 year and 2 months of age and then persisted; he was
diagnosed as having secondary pulmonary hypertension caused
by sleep hypoventilation without any heart anomaly. Although
between 1 year and 2 months of age and 3 years of age nocturnal
sleep apnea was not obvious, he could not sleep soundly and
tended to easily wake up. After 3 years of age, sleep hypoventi-
lation episodes occasionally occurred associated with respiratory
infection, so he started to undergo home oxygen therapy during
nocturnal sleep. After the start of home oxygen therapy, SpO,
during nocturnal sleep improved, while the frequency of sleep
hypoventilation accompanied by respiratory infection increased.
Each time he suffered from sleep hypoventilation at home, the
parents, who heard the patient’s SpO, monitor alarm, woke him
up by tapping and shaking. At that time, he began to suffer from
occasional paroxysmal episodes of severe anxiety and excitement



Fig. 1 Blood gas analysis during night
sleep with inspiratory oxygenation and
nasal intermittent positive pressure ven-
tilation (NIPPV) in a hospital at 5 years
and 10 months of age. The upper and
lower panels show the time courses
of PaO, and PaCO,, respectively. As
soon as the patient fell asleep, PaO,
decreased and PaCO, increased imme-
diately. Following inspiratory oxygen-
ation with a nasal cannula, PaO,
increased in response to it, while PaCO»
continued to increase further. Subse-
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for approximately half an hour in the daytime. As time passed the
frequency and severity of the nocturnal sleep hypoventilation
gradually increased. At 4 years and 4 months of age he suffered
from the first seizure during night sleep. At 5 years and 9 months
of age, amino acid analysis, organic acid analysis, head computed
tomography, head magnetic resonance imaging, electroencepha-
lography, auditory brainstem response audiometry, somatosen-
sory evoked potential examination, and visually evoked potential
examination were performed for the patient, all being normal.
Within 2 months from 5 years and 9 months of age, he suffered
from seizures four times during nocturnal sleep under home
oxygen therapy. Simultaneously, his sleep apnea began to occur
more frequently, and it became so difficult for him to recover
from it with stimulation and/or assisted ventilation using a bag
and mask that he needed controlled ventilation with tracheal
intubation during sleep every night. He had to undergo tracheal
intubation on falling asleep and extubation on waking up on
consecutive days, subsequently suffering from hoarseness, and
thus was judged to be at the limit of daily intubation/extubation.
Therefore, he was admitted to Matsue Red Cross Hospital at 5
years and 10 months of age.

The patient could understand our directions well and act on
them, even though he could not utter any meaningful words. He
did not suffer from dyspnea. He had no clinical features of
neuromuscular, cardiac or respiratory disease. Blood examina-
tion revealed slight lowering of the thyroid hormone level. No
airway stenosis or anomaly was observed in his pharynx or
larynx on laryngeal fiberscopic examination. However, at night
his respiratory chest movement remarkably decreased immedi-
ately after he fell asleep, and his breath sound became inaudible.
He underwent nasal intermittent positive pressure ventilation
(NIPPV) with a pressure-controlled respirator (Fig. 1). After the

0:00 2:00 4:00 6:00
Wake up

tenth day of hospitalization he was successfully treated with
NIPPV using a portable ventilator (BiPAP; Respironics, Murrys-
ville, PA, USA) during nocturnal sleep. The nasal-Bi-level posi-
tive airway pressure (n-BiPAP) markedly improved the central
hypoventilation.

After discharge from our hospital he continued to undergo
n-BiPAP during sleep at home. At 6 years of age he started the
antiepileptic drugs zonisamide and sodium valproate, which were
prescribed by his home doctor for paroxysmal episodes of severe
anxiety and excitement. After the start of n-BiPAP treatment, his
symptoms of heart failure and hypothyroidism improved, and at
7 years of age, denopamine, furosemide, spironolactone and
levothyroxine sodium hydrate were all stopped (Fig. 2). The fre-
quency of paroxysmal episodes of severe anxiety and excitement
gradually decreased and there were no episodes after he turned
15 years of age. At present the patient is 20 years of age and is
still undergoing n-BiPAP treatment every night during sleep
without any respiratory trouble or seizures. He currently works at
a vocational aid center on weekdays without any respiratory
support, and leads a daily life on his own.

At 20 years of age, he underwent hypercapnic ventilation
response examination involving a rebreathing technique. His
ventilatory response to hypercapnia was poor (CO, ventilatory
response: patient, 0.034 L/min/mmHg; normal range for the
authors’ center, 1.01-2.69), which indicated impaired chemosen-
sitivity to hypercapnia.

Genetic studies were performed on venous samples with
written informed consent from all subjects. On amplification and
sequencing of the PHOX2B gene, the patient exhibited a 15-base
pairs insertion at nucleotide 721 of the PHOX2B gene.' This
in-frame insertion is predicted to give a five alanine expansion in
the polyalanine tract of 20 residues in PHOX2B previously seen

© 2012 The Authors
Pediatrics International © 2012 Japan Pediatric Society
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in CCHS, which has also been reported in some cases of
LO-CHS.*® The parents exhibited normal PHOX2B gene analy-
sis results, indicating a de novo mutation in the patient. Being
based on the clinical, physiological and genetic data we diag-
nosed this patient as having LO-CHS with a five-alanine expan-
sion mutation (20/25 genotype) of PHOX2B.

Discussion

In this patient, it was atypical and characteristic that his nocturnal
hypoventilation slowly progressed; both the frequency and sever-
ity of his sleep apnea deteriorated as time passed, and conse-
quently he became wholly dependent on assisted ventilation for
more than 4 years after the onset of the respiratory symptoms.
Few papers have provided information about the changes in clini-
cal symptoms and/or respiratory function in patients with
LO-CHS with the course of time. Doherty eral. reported a
proband with LO-CHS and his asymptomatic father who was
genetically a carrier of LO-CHS. Follow-up sleep studies in the
father and son after an average of 5 years revealed an elevated
apnoea/hypopnoca index.” Lee et al. reported a Chinese family,
including a proband and two daughters, who had LO-CHS.
Repeated hypercapnic ventilatory response testing of the proband
and one daughter showed no change in chemosensitivity, while
the other daughter exhibited deteriorating chemosensitivity.*
n-BiPAP was chosen as the ventilatory support during sleep
for our patient. The central hypoventilation resolved well with
this respiratory management without considerable problems.
Meanwhile, after the patient started to undergo home oxygen
therapy during nocturnal sleep at 3 years of age, a paroxysmal
episode of severe anxiety/excitement and seizures started around
the same time. This might have been caused by carbon dioxide
narcosis, which was worsened by respiratory suppression owing
to the oxygen supply. One should be cautious when carrying out
oxygen therapy for a suspicious LO-CHS patient. This report
seeks to increase awareness as to LO-CHS by demonstrating its

© 2012 The Authors
Pediatrics International © 2012 Japan Pediatric Society

various manifestations. We suggest that pediatricians should con-
sider the possibility of LO-CHS when caring for patients with
hypercapnia and/or heart failure of unknown cause.
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Epidemiologic survey of patients with congenital central
hypoventilation syndrome in Japan
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Abstract Background: Congenital central hypoventilation syndrome (CCHS) is a rare disease characterized by hypoventilation
during sleep. This study discusses the first epidemiologic survey of patients with CCHS in Japan.

Methods: The first survey was conducted between September and December 2006 and involved 507 registered institutes
for pediatric training in Japan. The second survey was conducted between January and April 2007 and involved only
those institutes that confirmed diagnosis of CCHS in the first survey or reported on CCHS at a conference during the
preceding decade.

Results: Thirty-seven patients with CCHS were reported from 23 hospitals. Patient characteristics were as follows: 18
were male, 19 were female; and age range 4 months to 34 years. Diagnosis was based on clinical symptoms in 37/37
patients; blood gas analysis in 25/37; ventilatory response to inhaled CO, in 14/37; and genetic analysis (paired-like
homeobox gene 2B) in 11/37. Complications included Hirschsprung’s disease in 13/37 and central nervous system
disorders in 15/37. Prognoses were as follows: 3/37 died in hospital, 1/37 remained in hospital, 33/37 were on home
mechanical ventilation (died 4/33, survived 29/33), and 0/37 were cured. Ventilation methods included tracheostomy
(21/37), use of a nasal mask (9/37), use of a facemask (5/37), and diaphragmatic pacing (1/37).

Conclusions: There is currently no consensus on the most appropriate methods for diagnosing and treating patients with
CCHS in Japan. More CCHS-related data need to be collected in the near future in order to enable appropriate diagnosis
and management of patients with CCHS.

Key words congenital central hypoventilation syndrome, epidemiologic survey, Japan.

Congenital central hypoventilation syndrome (CCHS) is a rare
disease characterized by hypoventilation during sleep. It was first
described by Mellins ef al. in 1970.! The estimated incidence of
CCHS is approximately 1 in 50 000 live births.? Recent evidence
suggests that the clinical manifestations of CCHS correspond to
the spectrum of clinical problems attributable to neural crest
dysfunction.’ The paired-like homeobox gene 2B (PHOX2B) is
the disease-defining gene for CCHS. Approximately 90% of indi-
viduals with the CCHS phenotype will be heterozygous for a
polyalanine repeat expansion mutation. This study discusses the
first epidemiologic survey of patients with CCHS in Japan.

Methods

The first survey of 507 registered institutes for pediatric resi-
dent training in Japan was conducted between September and
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December 2006. The second survey was conducted between
January and April 2007 and involved those institutes that con-
firmed diagnosis of CCHS in the first survey or reported on
CCHS at a conference during the preceding decade.

Resulis

In the first survey, 35 of 507 institutes for pediatric training in
Japan reported diagnosis of CCHS. A more detailed question-
naire for the second survey was delivered to these institutes, and
37 CCHS cases were identified from 23 institutes when dupli-
cated data were excluded.

Patient background

There was no sex difference among the 37 cases (18 were male,
19 were female). The mean gestational age and mean birth body-
weight were 39.2 + 2.1 weeks and 2917 * 360 g, respectively.
Age ranged from 4 months to 34 years. Patients were widely
distributed in terms of age, with small numbers in each age
group, suggesting that a small number of cases develop each year
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Number of patients

Age (years)

Fig.1 Age distribution of patients with congenital central
hypoventilation syndrome (CCHS).

(Fig. 1). Most cases occurred soon after birth. Onset at birth was
common (29/37, 78%), whereas onset at an age greater than 1
year was rare (Fig. 2).

Diagnosis

Diagnoses were based on the following: clinical symptoms (37/
37, 100%); blood gas analysis (25/37, 68%); ventilatory response
to inhaled CO, (14/37, 35%); genetic analysis, namely PHOX2B
analysis (13/37, 35%); pulmonary function test (9/37, 24%); and
end-tidal CO, measurement (29/27, 24%) (Fig. 3). The time of
diagnosis was late compared with the age of onset. Only four of
the 37 patients (11%) were diagnosed within the first 6 days and
10 of the 37 (27%) within 1 month after birth (Fig. 4). Clinical
symptoms of hypoventilation were observed when patients were
awake (9/37, 24%) as well as asleep (37/37, 100%). PHOX2B
defects were reported. PHOX2B is a regulator of the receptor
tyrosine kinase (RET) gene. RET is related to differentiation and
migration of neural crest cells. PHOX2B defects include polyala-
nine expansion and frameshift mutations. In this study, PHOX2B
analysis was performed in 13/37 (35%) patients, and defects were
observed in 11/13 (85%).

Background diseases and complications

Background diseases and complications were as follows: Hir-
schsprung’s disease (13/37, 35%), neurological complications,

Number of patients
&

0 days 1 day 2 days 2-30 1-12

1 years<

Fig.2 Age at onset.
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Fig.3 Diagnosis-related examinations. BGA, blood gas analysis;
CO; response, ventilatory response to inhaled CO,; ETCO,, end-tidal
CO,; PHOX2B, paired-like homeobox gene 2B.

such as epilepsy and psychomotor regression (15/37, 43%),
airway diseases, such as bronchiectasis and acquired tracheal
stenosis (2; 3/37, 8%), and pulmonary hypertension (2/37, 5%)
(Fig. 5).

Ventilation methods

Ventilatory support approaches used in children with CCHS are
summarized in Figure 6. Twenty-one patients received mechani-

Number of patients

Hirschsprung's
disease

Neurological

0% 20% 40% 60% 80%

100%

Fig.5 Background diseases and complications.
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Fig. 6 Ventilation methods. [J, ventilation via tracheotomy;
(3, facemask ventilation; B, nasal-mask ventilation; &, diaphragmatic
pacers; B, ventilation via intratracheal tube.

cal ventilation via tracheotomy (21/37, 58%), and one patient
received mechanical ventilation via an intratracheal tube (1/37,
3%). Fourteen patients received mask-based ventilation (a face-
mask in 5/37, 14%; a nasal mask in 9/37, 25%). Only one patient
underwent diaphragmatic pacing (1/37, 3%). Non-invasive ven-
tilation other than tracheotomy was performed in 15 of the 37
patients (40.5%). Twenty-eight patients received ventilatory
support during sleep (28/37, 76%); nine patients required con-
tinuous ventilatory support (9/37, 24%) (Fig. 7).

Home mechanical ventilation and home monitoring

Home mechanical ventilation was administered to 33 of the 37
patients (89%). The youngest age at initiation of mechanical
ventilation was 4 months, and the average age was 21 months.
Most patients began home mechanical ventilation at 1 year
(Fig. 8). Twenty-seven of the 33 patients (82%) used home moni-
toring with a pulse oximeter. With regard to home monitoring
costs as reported by 22 patients, these were borne by the family
(11722, 50%), hospital (16/22, 28%), or supplier of the pulse
oximeter (5/22, 23%).

Outcomes

Patients with CCHS survived without further disability (22/37,
59%) or with disability (8/37, 22%), or did not survive (7/22,
19%) (Fig. 9). Outcomes of the patients with CCHS included
death in hospital (3/37, 8%), survival in hospital (1/37, 3%), and
a shift to home mechanical ventilation (33/37, 89%). Among the
33 patients who received home mechanical ventilation, four died
and 29 still required treatment. No patients recovered from

CCHS.
]

24%

Fig. 7 Ventilatory support. OJ, sleep ventilation (1 = 28); B, 24-h
ventilation (n = 9).
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Discussion

This is the first epidemiologic survey of CCHS in Japan. This
study allows us to determine the actual state of CCHS in Japan.
The methods for diagnosing and managing CCHS were varied
and not integrated. Studies on CCHS have been reported abroad,
including North America (94 cases)* as well as the USA and
Europe (196 cases).’> The present survey was conducted for
pediatricians, whereas the foreign surveys were administered to
Family Associations. Therefore, this study included evaluations
of diagnostic methods that have not been reported in other
studies.

Progress in diagnosis based on genetic testing should be noted
for CCHS. In 2003, Amiel er al.’ reported on defects in PHOX2B,
a regulator of RET that is related to differentiation and migration
of neural crest cells. In Japan, Sasaki et al.® examined 10 Japa-
nese CCHS patients and reported that two of three had similar
defects. Recently, testing methods have improved and have
enabled detection of polyalanine expansion or frameshift muta-
tions of PHOX2B in 92-100% of CCHS cases.™® It has thus been
confirmed that defects of PHOX2B are the primary cause of
CCHS. In this study, PHOX2B analyses were performed in
13/37 (35%) patients, and defects were observed in 11/13 (85%).

58%

19% 2%

Fig.9 Prognoses of patients with congenital central hypoventila-
tion syndrome. O, survival without handicap; B, survival with
handicap; B8, death.
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Hirschsprung’s disease is the most well-known complication of
CCHS. In this study, the rate of complication with Hirschs-
prung’s disease was high (13/37, 35%). It has been reported that
16-50% of CCHS patients have Hirschsprung’s disease.>®%!0
Recent studies have also suggested that RET may play a pivotal
role as a modifier for the Hirschsprung’s disease phenotype in
patients with CCHS."™"

Ahigh rate of neurological complications, such as epilepsy and
psychomotor regression, were also observed (15/37, 43%). One
study has reported that 30.7% of school-aged CCHS children have
a learning disability, suggesting that the central nervous system
mightbe affected by hypoxemia."* This indicates that there are still
some neurological problems in patients with CCHS, despite
progress with regard to respiratory care. Monitoring via a pulse
oximeter is indispensable for early detection of hypoxemia.

Non-invasive ventilation other than tracheotomy was per-
formed in 15 of 37 patients (40.5%) in this study. This rate is
almost equal to the average value in developed countries, includ-
ing the USA (24.4%), France (35.3%), Italy (47.1%), the UK
(66.7%), and Germany (66.7%)."> Home monitoring via a pulse
oximeter was performed for 27 of the 33 patients (82%), which
almost matches the rate reported in another study." The fact that
no patient recovered from this disease suggests that patients with
CCHS may require lifelong medical care. Therefore, it is neces-
sary that the system enabling official support for adults be
enhanced and that promotion of official support for the purchase
of pulse oximeters is improved, as these are essential for home
monitoring.

There was no consensus on the most appropriate method for
the diagnosis of CCHS or of the most appropriate therapy for
CCHS in Japan. Analysis of accumulated data on CCHS cases is
required in the near future in order to ensure appropriate diagno-
sis and management of patients with CCHS.
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PULMONARY FUNCTION TEST
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27.0¢

20 4

O
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0 + + ' i
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Rrs '} B 7 L] ) @
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the newborn, MAS : meconium aspiration syndrome, Pn. ! pneu-
monia, BPD : bronchopulmonary dysplasia, WMS : Wilson-Mikity

syndrome
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