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Genotype–phenotype relationship in Japanese patients
with congenital central hypoventilation syndrome

Tomoyuki Shimokaze1, Ayako Sasaki1, Toru Meguro1, Hisaya Hasegawa2, Yuka Hiraku3, Tetsushi Yoshikawa4,
Yumiko Kishikawa1 and Kiyoshi Hayasaka1,5

Examine the genotype–phenotype relationship in Japanese congenital central hypoventilation syndrome (CCHS) patients and

estimate the incidence of CCHS in Japan. Subjects were 92 Japanese patients with PHOX2B mutations; 19 cases carried

25 polyalanine repeat expansion mutations (PARMs); 67 cases carried 26 or more PARMs; and 6 had non-PARMs (NPARMs).

We collected clinical data in all patients and estimated the development or intelligent quotients only in the patients carrying

25 PARM. The estimated incidence of CCHS was greater than one case per 148 000 births. Polyhydramnios was observed in

three cases. Twelve infants exhibited depressed respiration at birth. In 19 cases carrying 25 PARM, the male-to-female ratio was

~3, no cases had Hirschsprung disease; 7 cases (37%) developed hypoventilation after the neonatal period, and 8 cases (42%)

had mental retardation. In other 73 cases carrying 26 or more PARMs or NPARMs, male-to-female ratio was equal; patients

frequently complicated with Hirschsprung disease and constipation, and all patients presented with hypoventilation in the

neonatal period. Clinical symptoms were severe in most patients carrying long PARMs and NPARMs. In 25 PARM, additional

genetic and/or epigenetic factors were required for CCHS development and male sex is likely a predisposing factor. The patients

carrying 25 PARM frequently had mental retardation likely because they were not able to receive appropriate ventilation support

following a definitive diagnosis owing to subtle and or irregular hypoventilation. Molecular diagnosis provides a definitive

diagnosis and enables to receive appropriate ventilator support.
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INTRODUCTION

Congenital central hypoventilation syndrome (CCHS; OMIM209880)
is a disorder that is characterized by a failure of the automatic control
of breathing. Hypoventilation develops mainly during sleep, but can
also be present during both wakefulness and sleep in severe cases.1,2

CCHS is a neurocristopathies (a failure of the migration or differ-
entiation of neural crest-derived precursor cells) and is frequently
accompanied by Hirschsprung disease, neuroblastoma and dysregula-
tion of the autonomic nervous system.2–13 A report from France
described an estimated incidence of CCHS of one per 200 000 live
births.14

CCHS is caused by a mutation in PHOX2B, which is essential for
the development of the respiratory center and for the differentiation
and induction of the autonomic nervous system.15–18 The PHOX2B
gene is mapped on chromosome 4p12 and encodes a highly conserved
homeobox transcription factor of 314 amino acids with two short
and stable polyalanine repeats of 9 and 20 residues.19 Over 90%
of patients with CCHS are heterozygous for polyalanine repeat
expansion mutations (PARMs) in PHOX2B that can range from 24
to 33 alanines, and remaining 10% of patients have heterozygous
non-PARMs (NPARMs) that include missense, nonsense and

frameshift mutations in PHOX2B.20 Approximately 25% of the
PARMs is inherited from the parents with somatic mosaicism or
constitutive mutation, and the rest of ~ 75% is de novo during
spermatogenesis.21–23

Disease severity in the patients carrying PARMs increases with
increasing expansion of the alanine repeats.20,24,25 The patients
carrying long PARMs or most NPARMs present with severe pheno-
type in neonatal period.26 In contrast, the individuals carrying 25
PARM or 24 PARM exhibit hypoventilation during the neonatal
period or after the neonatal period and occasionally have no
symptoms.2,20

Our facilities have provided a molecular diagnostic service for the
majority of CCHS patients in Japan. Herein, we report an estimate of
the incidence of CCHS in Japan and an analysis of the genotype–
phenotype relationship.

METHODS

Subjects
We analyzed the genotype–phenotype relationship of a total of 92 CCHS

patients (male-to-female ratio, 49:43) who were diagnosed in the past 12 years

including 11 cases previously reported.16,27–29 The median gestational age (GA)
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was 39 weeks (interquartile ranges: IQR 38–40 weeks, these data were available
in 81 cases), and the median birth weight was 2857 g (IQR 2602–3104 g, these
data were available in 78 cases). Six cases were born at preterm delivery; one
case was delivered at 33 weeks and five cases were delivered at 35–36 weeks of
GA. Six cases were born post-term at 42 weeks of GA. One infant was heavy for
date, and nine infants were light for date (data from 73 cases).
This study was approved by the institutional review board of Yamagata

University School of Medicine, and written informed consents were obtained
from the parents of all infants. The diagnoses followed the standard of the
statement of the American Thoracic Society on CCHS.26 We collected clinical
data including information about complications when the blood samples were
received. In the patients with 25 PARMs, the developmental quotients or
intelligence quotients were assessed using Enjoji’s analytical development test,30

the revised version of the Kyoto Scale of psychological development (K-test),31

or the Wechsler Preschool and Primary Scale of Intelligence.32 The intelligence
quotients were assessed with the Wechsler Intelligence Scale for Children-Third
Edition.33 The frequency of CCHS from 2008 to 2013 years was estimated
comparing to the numbers of births each year in Japan, which were reported by
the Ministry of Health and Labor and Welfare of Japan.

Molecular analysis
We extracted genomic DNA from peripheral blood using a standard method.
The entire coding region and intron–exon boundaries of PHOX2B were
sequenced after polymerase chain reaction amplification as described
previously.16,18,27,34 The sequence reactions were analyzed on an ABI PRISM
3100 Genetic Analyzer (PE Applied Biosystems, Foster City, CA, USA) with the
BigDye Terminator Cycle Sequencing Ready Reaction Kit (PE Applied
Biosystems, Foster City, CA, USA).16,34

Statistics
Clinical data are expressed as median and IQR or range. The Pearson χ2-test
was used to compare the proportions of male infants in the patients carrying 25
PARM and the patients carrying other genotypes. Differences between the two
groups were compared with the Mann–Whitney U-test. The Kruskal–Wallis
test was used for comparison of more than two groups. Spearman’s correlation
coefficients were used to identify the relationships within and between the
different outcome measures. A P-value of o0.05 was considered to be
statistically significant. The statistical analyses were performed using SPSS
software, version 22 (IBM, Armonk, NY, USA).

RESULTS

A total of 92 (including with two pairs of siblings) CCHS patients
were studied. Molecular analyses of the PHOX2B gene revealed that
86 cases had PARMs and six cases had six different NPARMs
including the previously reported c.590delG and c.866InsG
mutations16,26 and the novel c.609_616del8, c.678_693dup16,
c.733_762dup30 and c.941_945del5 mutations (Table 1). The patient
carrying 24 PARM was not found probably owing to low gene
frequency and/or low penetrance.

The minimum estimated incidence of CCHS in Japan was one per
148 000 births on average for the years of 2008–2013 (range 1 per
119 000–206 000 births).
Polyhydramnios was observed in three cases (25 PARM, 26 PARM

and c.678_693dup16). The median Apgar score at one min was 8.0
(IQR 6.0–9.0, data were available in 69 cases) and at 5 min the median
was 9.0 (IQR 7.5–9.5, data were available in 63 cases). Twelve infants
(three with 25 PARM, five with 26 PARM, two with 27 PARM, one
with 32 PARM and one with NPARM) were found to be depressed at
birth (defined by an Apgar score below 4 at 1 min and/or 6 at 5min).
The correlation coefficients (r) between the alanine repeat expansions
and the Apgar score were − 0.32 (Po0.01) at 1 min, and − 0.10
(P= 0.44) at 5min, respectively.
Among the patients with 25 PARM, the male:female ratio was 14:5;

i.e., approximately threefold more males than females were affected
(Table 1). In contrast, there were no gender differences in the patients
with the other genotypes; i.e., those with 26 or more PARMs and those
with NPARMs. There was a significant difference in male dominance
between the patients with 25 PARM and the patients with the other
genotypes (P= 0.045).
Among the patients with 25 PARM, 12 of 19 patients (63%)

developed hypoventilation during the neonatal period, and the other
seven cases (37%) exhibited hypoventilation in the infantile period or
childhood (Table 2). Four cases (the data for one case were not
available) were diagnosed as CCHS in the neonatal period, and the
median age of diagnosis was 4 months (IQR 1–33 months). No cases
with 25 PARM had Hirschsprung disease.
All 73 cases carrying 26 or more PARMs or NPARMs exhibited

apparent hypoventilation during the neonatal period. Ventilation
support was required even during wakefulness in six cases carrying
26 PARM, 27 PARM and NPARMs except for the c.590delG mutation.
Thirty-three of the 69 cases (the data for four cases were not available)
were diagnosed as CCHS during the neonatal period, and the median
age of diagnosis was one month (IQR 0–3 months). There was a
significant difference in the age of diagnosis between the patients with
25 PARM and the other genotypes (Po0.01). There was a correlation
between the length of the alanine repeats and the incidence of
Hirschsprung disease (r= 0.327, Po0.01) or the rate of complication
of constipation without Hirschsprung disease (r= 0.370, Po0.001).
The patients with NPARMs except for the c.590delG mutation had
Hirschsprung disease (Table 1).27

The median age of diagnosis of the patients with 25 PARM was
4 months, which was greater than that of the patients with other
mutations. We were impressed that many patients carrying 25 PARM
were mentally retarded and developmental quotients or intelligence
quotients scores were assessed in the patients carrying 25 PARM as

Table 1 Overview of PHOX2B coding sequence status and clinical features

Apgar scorea Age at presentation of CH

PHOX2B

status

Number of

cases

Male:

female 1min 5min

Neonatal

period

After neonatal

period

Constipation without

HSCR HSCR

Ventilation support during

wakefulness

25 PARM 19 14:5 9 (8–9) 10 (9–10) 12 7 0 1 0

26 PARM 25 12:13 7 (5–8) 8 (7–9) 25 0 2 7 1

27 PARM 31 16:15 8 (6–9) 9 (9–10) 31 0 10 13 1

430 PARM 11 5:6 6 (6–7) 8 (7–9) 11 0 3 7 0

NPARM 6 2:4 8 (6–9) 9 (6–10) 6 0 4 4 4

Abbreviations: CH, central hypoventilation; HSCR: Hirschsprung disease; NPARM, non-PARM; PARM, polyalanine repeat expansion mutations.
aValues are expressed as median (IQR). Differences in Apgar score among the five PHOX2B groups were significant at 1min (Po0.01) and 5min (Po0.05), respectively.
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shown in Table 2, and 8 of the 19 cases (42%) with 25 PARM were
complicated by mental retardation (Table 2).

DISCUSSION

We detected 92 cases of PHOX2B mutation-confirmed CCHS in
Japan, estimated an incidence of 41 per 148 000 births. And in the
cases carrying 25 PARM we found a male dominance and the frequent
complication of mental retardation
There had not been previous epidemiological data about CCHS in

Japan. Our 6-year analysis estimated the incidence of CCHS in Japan
to be 41 case per 148 000 births, which was not significantly different
from the estimated incidence of 1 case per 200 000 births that has been
previously reported in France.14 The cases that underwent genetic
diagnosis seemed to represent nearly all of the patients in Japan
because our facilities provide a unique genetic screening service for the
molecular diagnosis of CCHS in Japan. However, this study was not
based on clinical phenotype surveillance, and the cases that were only

diagnosed clinically and those that were diagnosed molecularly in
other countries were not included.
Notably, the number of male patients with 25 PARM was three

times greater than the number of female patients with 25 PARM. The
individuals carrying 25 PARM exhibited hypoventilation during the
neonatal period or after the neonatal period and occasionally had no
symptoms. In contrast, the patients with 26 or more PARMs did not
show any sex differences and exhibited hypoventilation during the
neonatal period. PARMs in PHOX2B have been shown to impair
transcriptional function, and transcriptional impairment increases
with expansion length for polyalanine repeat.18 The 26 or more
PARMs definitely impair the function of PHOX2B, have complete
penetrance, and cause CCHS in both male and female infants.
However, 25 PARM exhibited incomplete penetrance, which suggests
that other genetic and/or epigenetic factors are possibly involved in the
clinical onset of CCHS. One study reported that two women carrying
25 and 26 PARMs experienced improvements in hypoventilation

Table 2 Clinical features of the cases with 25 polyalanine repeat expansion mutations

Case sex

GA

(wk)

Birth

weight

(g)

Apgar score

1min/5min

Age at

presentation

of CH

Age at

diagnosis

of CCHS Ventilatory management (periods)

DQ or IQ (assessed

method) age Other clinical features

1 M 40 3046 9/na 1 mo 5 mo CPAP (1 mo–10 mo) Tracheostomy and

IMV (10 mo–4 yr) BiPAP (4 yr–)

DQ 99 (K-test) 5.6 yr

2 M 39 2900 8/na 10 mo 15 yr LTOT and IMV (10 mo–11 mo)

Tracheostomy and IMV (11 mo–)

DQ 71 (Enjoji) 10 mo

3 M 38 2902 9/10 o1 mo 1 mo Intubation and IMV (o1 mo–) na

4 M 33 2282 8/9 o1 mo o1 mo BiPAP (o1 mo–) IQ 85 (WISC-III) 8.1 yr Familial case

5 F 38 3000 9/na o1 mo 1.6 yr Intubation & IMV (o1 mo–2 mo)

Tracheostomy & IMV (2 mo–7 yr) BiPAP

(7 yr–)

DQ 88 (WPPSI) 5.7 yr

6 F 41 2786 9/10 o1 mo 1 mo Intubation and IMV (day 7–1 mo)

Tracheostomy and IMV (1 mo–)

DQ 117 (Enjoji) 3 yr

7 M 37 na na/na 1.2 yr 1.2 yr HOT (1.2 yr–5 yr) BiPAP (5 yr–) DQ 48 (K-test) 5 yr Cor pulmonale reported case (ref. 25)

8 F 39 2758 9/10 o1 mo 2 mo HOT (o1 mo–3 yr) BiPAP (3 yr–) DQ 51 (K-test) 3.6 yr

9 M 39 2802 na/na 1 mo 4 yr BiPAP (1 mo–) na Pulmonary hypertension, cor

pulmonale

10 M 39 2450 9/9 o1 mo 3 mo CPAP (o1 mo–3 mo) Tracheostomy and

IMV (3 mo–)

normally developed Ventricular septal defect

11 M 40 3436 Asphyxia o1 mo o1 mo HOT (o1 mo–3 yr) BiPAP (3 yr–) IQ 60 (WISC-III) 8 yr Pulmonary hypertension, constipation

older brother of case 12

12 M 37 3312 5/6 o1 mo 3 mo HOT (o1 mo–) MR Hypoxic-ischemic encephalopathy

younger brother of case 11

13 M 36 2600 Asphyxia o1 mo 10 yr HOT (o1 mo–1 yr) BiPAP (10 yr–) IQ 60 (WISC-III) 6.9 yr Autism

14 M na na na/na o1 mo 11 yr CPAP (o1 mo–1 mo) CPAP (11 yr–) IQ 85 (WISC-III)

15.6 yr

15 M na na na/na 1 mo na BiPAP (6 mo–) MR Pervasive developmental disorder,

familial case

16 M 37 2740 8/9 o1 mo o1 mo NPPV (o1 mo) HOT (4 yr–12 yr) BiPAP

(12 yr–)

DQ 67 (K-test) 6 yr Acute encephalopathy (12 yr 5 mo)

17 F 40 3050 9/10 3 yr 3 yr BiPAP (3 yr–) IQ o45 (WISC-III)

5.5 yr

18 F na na na/na 2 yr 2 yr HOT (2 yr–2.8 yr) LTOT and BiPAP

(2.8 yr–)

DQ 78 (K-test) 3.4 yr

19 M 38 2705 9/10 o1 mo o1 mo Intubation and IMV (o1 mo–1 mo)

Tracheostomy & IMV (1 mo–)

DQ 81 (Enjoji) 10 mo Polyhydramnios

Abbreviations: BiPAP, biphasic positive airway pressure; CPAP, continuous positive airway pressure; CH, central hypoventilation; DQ, developmental quotient; Enjoji, Enjoji’s analytical development
test; GA, gestational age; HOT, home oxygen therapy; IMV, intermittent mandatory ventilation; IQ, intelligence quotient; K-test, the revised version of Kyoto Scale of psychological development;
LTOT, long-term oxygen therapy; mo, month; MR, apparently mentally retarded but not scored by a standardized method; na, not available; NPPV, noninvasive positive pressure ventilation; WPPPSI,
Wechsler Preschool and Primary Scale of Intelligence; WISC-III, Wechsler Intelligence Scale for Children-third edition; yr, year.
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following the use of contraceptive pills that contained desogestrel,
which is a potent progestin.35 Progesterone derivatives are known to
exert stimulatory effects on the respiration.36 Prepubertal females have
higher estrogen and lower testosterone and 17OH-progesterone levels
than the prepubertal males.37–39 In addition, in immature rats, there
are gender differences in the estrogen levels in the cortex and
hypothalamus despite the equivalent blood estrogen levels.40 The
possible mechanisms by which sex hormones might modulate breath-
ing include direct or indirect effects on regulatory gene expression in
respiratory neurons. Our study was small and thus cannot completely
exclude sampling bias. The male dominance among patients with 25
PARM should be confirmed in more patients.
Eight cases with 25 PARM (42%) displayed apparent mental

retardation. Before the disease-causing gene was identified, intellectual
and cognitive deficits were commonly reported in CCHS patients.41,42

Zeiko et al.43 assessed the intellectual and cognitive abilities of 20
patients with PHOX2B mutation who had been diagnosed at neonates
and placed under respiratory control. These authors found that the
general Intelligence Index (full-scale intelligence quotients) of these
patients was 84.9± 23.6 (mean± s.d.) and that the PHOX2B genotype
and disease severity indicators were unrelated to neurocognitive
indices.43 Our seven cases were observed to exhibit central hypoventi-
lation in the infantile period or childhood. However, developmental or
intellectual deficits were not always associated with the age of onset or
the age at diagnosis of CCHS as shown in Table 2. Five of the eight
patients with intelligence deficits received home oxygen therapy.
Patients with 25 PARM might be under-diagnosed owing to subtle
and or irregular hypoventilation and thus not receive appropriate
ventilatory support, which might frequently cause the complication of
mental retardation due to hypoxic encephalopathy. Early and defini-
tive diagnoses based on PHOX2B analysis are convenient and useful
for preventing neurological sequelae.
In addition, we observed depression at birth in 12 cases and

polyhydramnios in 3 cases. The number of infants who exhibited low
Apgar scores at 1 min was correlated with an increased number of
polyalanine repeats, suggesting one of the symptoms of CCHS. The
pregnancies of three cases (3.3%) were complicated by polyhydram-
nios. Polyhydramnios accompanied by a Chiari I malformation has
been reported in one CCHS patient.44 Faure et al.4 observed
esophageal dysmotility in seven cases via esophageal manometry and
speculated that the underlying mechanism might be dysfunctions of
the central structures that control swallowing. The complication of
polyhydramnios might be derived from a dysfunction of swallowing
control that is similar to that observed in congenital myotonic
dystrophy.
In summary, we studied 92 Japanese patients with CCHS, estimated

an incidence of CCHS and found a male dominance and the frequent
complication of mental retardation in the cases carrying 25 PARM.
Male sex is likely a predisposing factor for the patients carrying 25
PARM, who frequently had mental retardation likely because they
presented subtle and or irregular hypoventilation and could not
receive appropriate ventilation support following a definitive diagnosis.
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