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Abstract
Congenital central hypoventilation syndrome (CCHS) is a rare condition characterized by central hypoventilation, leading
to the majority of patients being dependent on ventilatory support during sleep. This condition is often accompanied by
various associated symptoms, due to a PHOX2B gene variant involved in neuronal crest cell migration. This study is the first
to review the characteristics and outcomes in children with CCHS on long-term mechanical ventilation in the Netherlands.
We performed a retrospective study of all CCHS patients treated in the 4 Centers of Home Mechanical Ventilation of the
University Medical Centers in the Netherlands from 2000 till 2022 by collecting information from the electronic medical
records, documented during follow-up. We included 31 patients, out of which 27 exhibited a known genetic profile associ-
ated with CCHS, while no PHOX?2B variant was identified in the remaining patients. Among the 27 patients with known
genetic profiles, 10 patients had a non-polyalanine repeat expansion mutation (NPARM), followed by 20/27, 20/25, and 20/26
polyalanine repeat expansion mutations (PARMs) in descending order. The most common presentation involved respiratory
failure or apneas during the neonatal period with an inability to wean off ventilation. The majority of patients required ven-
tilatory support during sleep, with four patients experiencing life-threatening events related to this dependency. Daily use
of ventilatory support varied among different genetic profiles. All genotypes reported comorbidities, with Hirschsprung’s
disease and cardiac arrhythmias being the most reported comorbidities. Notably, Hirschprung’s disease was exclusively
observed in patients with a 20/27 PHOX2B variant.

Conclusion: Our study results suggest that in our cohort, the genotype is not easily associated to the phenotype in CCHS.
Consistent with these findings and international literature, we recommend a thorough annual evaluation for all patients with
CCHS to ensure optimal management and follow-up.

What is Known:

o The majority of CCHS patients are dependent on ventilatory support.

o Variants in the PHOX2B gene are responsible for the characteristics of CCHS.

What is New:

o This study provides insight into the clinical course and long-term outcomes of CCHS patients in the Netherlands.

o [n CCHS, the genotype is not easily associated with the phenotype, requiring a thorough life-long follow-up for all patients.
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Introduction

Congenital central hypoventilation syndrome (CCHS) is
a lifelong disease, with approximately 1000-1200 cases
diagnosed until 2010 [1], occurring in approximately
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1:200,000 newborns [2]. It is characterized by abnormal
control of breathing and presents with symptoms of alveo-
lar hypoventilation resulting in ventilator-dependency dur-
ing sleep in most patients, as well as symptoms of auto-
nomic dysregulation. In 2003, variants in the PHOX2B
gene were discovered to be responsible for the character-
istics of CCHS [3, 4]. This gene plays a role in neuronal
crest cell migration, elucidating the relationship between
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CCHS, Hirschsprung’s disease, cardiac arrhythmias, and
neuroblastoma. In 2010, the American Thoracic Society
published a statement on CCHS, supporting the clinician
in optimizing care based on genetic information, through
annual in-hospital evaluations [1]. Since then, care for
CCHS patients in the Netherlands has been guided by this
statement. Recently, a new multidisciplinary guideline for
the management and follow-up for patients with CCHS
and a review with recommendations for a comprehensive
multidisciplinary approach were published [5, 6].

Over the past decade, we have been able to perform
genetic testing to identify specific variants of the PHOX2B
gene. Specific variants are thought to be associated with
a different disease course, different comorbidities and
varying severity of the phenotype, known as the genotype-
phenotype correlation. Due to the rarity of this disease,
only a few studies have been conducted to provide insight
into the clinical course and long-term outcomes of CCHS
patients. No studies have been conducted in the Dutch
CCHS population until now, implying that we are currently
not informed about the clinical course and outcome of our
Dutch population, as well as the way care is established for
children and adolescents as they transition into adulthood.

The aim of this study is to review the characteristics and
outcomes of Dutch children and adults with CCHS and to pro-
vide a recommendation for follow-up for this specific patient
group, focusing on ventilatory management and chronic care.

Methods

We performed a multi-center retrospective study that
included all CCHS patients who received care at one of
the four Centers for Home Mechanical Ventilation (HMV)
in the Netherlands between 2000 and 2022. HMV in the
Netherlands can only be provided by these four centers,
folllowing the same guidelines. Consequently, all CCHS
patients receive consistent treatment. According to
national guidelines, all patients are screened annually for
comorbidities and/or chronic respiratory failure requiring
ventilatory support [7].

We collected the following data from electronic medical
records: demographics, living condition, type and intensity
of ventilatory support, (disease-related) comorbidities and
complications, hospital admissions and results of genetic
testing. After obtaining informed consent from the patient
and/or their parents, the patient’s primary physician copied
the data from (electronic) patient records and stored it in
a provided database by completing an anonymized ques-
tionnaire in Redcap®. The database was then analysed by
the principal researchers, using Redcap® and Excel. There
were no exclusion criteria. The study protocol was approved
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by the Ethical Committee (Centrale Toetsingscommissie
UMCG, UMCG Research Register number 202000420).

Results

Thirty-one patients were included in this study, ten of whom
were female. Patient demographics are presented in Table 1.
The mean age of the patients is 20.9 years (SD 15.9). The
majority of the patients lived at home, with one of them
being hospitalized at the time of the review, and one resid-
ing in a residential home. The patients had varying levels
of education, with 25.9% of them attending a special needs
school for children with learning disabilities.

Presenting symptoms and genetic profile

Table 1 also presents the genetic diagnosis profile. In this
study, 10 patients (32.2%) were diagnosed with a non-pol-
yalanine repeat expansion mutation (NPARM) variant of
the PHOX2B gene. A 20/27 PHOX2B variant was found
in 7 patients (22.5%), and a 20/25 PHOX2B variant in 5
patients (16.1%). The remaining reported PHOX2B vari-
ants are 20/24 20/26 and 20/31. For one patient, a PHOX2B
mutation was confirmed by genetic testing, but a specific
variant was not recorded. In 4 patients, the genetic substrate
was unknown. These diagnoses were based on a well-docu-
mented polysomnography showing central hypoventilation
and hypercapnia, along with a clinical course consistent with
the diagnosis CCHS. Additionally, one of these patients had
two first-degree family members with a genetically con-
firmed diagnosis of CCHS.

Table 2 displays the clinical characteristics of the patients.
Respiratory failure at birth or apneas in the neonatal period
were the most frequently reported presenting symptoms.
Among our patients, 51.6% received a diagnosis of CCHS
after the age of 1 month, corresponding to a diagnosis of
late-onset CCHS (LOCCHS). Regarding patients with a
genetic diagnosis, most of those with a 20/26 and a 20/27
(n=9) variant experienced respiratory failure in the early
neonatal period. Six NPARM patients were diagnosed with
a non-specific presentation characterized by fatigue (n=4)
or were detected due to comorbidities associated with CCHS
(n=1) or a close family member with CCHS (n=3).

Mechanical ventilation

In this study, 29 out of 30 patients are dependent on ventila-
tory support (see Table 2). One patient is not on ventilatory
support because this patient is in a palliative setting at the
time of data collection. This patient is monitored through
annual polysomnography. The main reasons for ventilatory
support are central apneas (19 patients) and hypercapnia
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Table 1 Patient demographics and genetic profile

Table 2 Clinical presentation

Variable (n=31, unless Variable (n=31, unless
otherwise otherwise
noted) noted)

Female/male 10/21 Age of presentation

Age in years (SD) 20,97 (15,97) <1 month 15 (48.0%)

Level of education (n=27) 1 month—1 year 2 (6.5%)

No education 5(18.5%) 1 year—18 years 5(16.1%)

Primary school 3(11.1%) Adult 6 (19.3%)

Special need school (learning disability) 7 (25.9%) Unknown 3(9.7%)

Prevocational education 6 (22.2%) Presenting symptoms and genetic profile

Pre-college, pre-university education 0 Respiratory failure at birth 14

College 4 (14.8%) 20/24 1

University 2 (7.4%) 20/25 2
Living situation (n=31) 20/26 2

At home 29 (93.5%) 20727 8

Residential home 1(3.2%) NPARM 1

Hospital 1(3.2%) Apnea 8
PHOX2B variant (n=31) 20/27 3

20/24 1(3.2%) 20/31 1

20/25 5(16.1%) NPARM 2

20/26 2 (6.5%) PHOX2B variant unknown 1

20727 7 (22.5%) Respiratory incident at home 3

20/31 1(3.2%) 20/25 1

NPARM 10 (32.2%) NPARM 2

PHOX?2B variant not specified 1(3.2%) Hypoventilation during sleep 5

Unknown 4 (12.9%) 20/24 1

20/25 2
Unknown 2
. o - . Fatigue 6

(20 patients). Additionally, hypoventilation during sleep 20125 )

and recurrent respiratory infections were considered indi- NPARM 4

cations to initiate ventilation. For one patient, in addition .

. Screening 4

to hypercapnia, there was also a component of pulmonary NPARM 4

hypertension, which led to the decision to start ventilatory c .

; . . L Indications for ventilatory support

support. The other patient had been respiratory insufficient Apnea 19

and hypercapnic since the neonatal period and therefore con- .

. o . . . Hypercapnia 20

tinued ventilation. All patients with a 20/26 or 20/27 variant N .

. . Hypoventilation during sleep 9

could not be weaned off the ventilator via endotracheal tube . . .

X X . . . Recurrent respiratory infections 3

due to respiratory failure at birth. Nine out of ten patients Other )

witha N PARM Vanar.lt initiated ventilatory support after the Current method of ventilatory support (=30

neonatal period, ranging from the age of 4 years to 49 years. None 1 (33%)

h M.Os;lpatlir.llts (73%). requ1r2e \:;ntlllatory supportlcl)nly during Non-invasive positive pressure ventilation 17 (56.7%)

the nig .t, while 7 patients ( .3 %) also r?eftc.i ventilatory sup- Tracheostomy ventilation 12 (40%)

port during d.aytlme rest periods or activities. Both patients Mask used for ventilatory support =19)

who are ventilator-dependent for more than 16 h a day were
) : ” . o Nasal mask 13 (68.4%)

dlagposed w'1th a 20/27 PHOX2B variant. One patl'ent (? 0) Face mask (mouth+nose) 3 (15.8%)

requires ventilatory support all day long, although this patient Full face mask 3 (15.8%)

was only a few months old during data collection. A NPARM . .

. . i . . Duration of ventilatory support (n=30)
Varlantlwals most often diagnosed in patients with less than 8 h <8haday 11 (36.6%)
of ventilation-dependency. Mean transcutaneous CO, (TcCO,) 20/26 |
before the initiation of ventilation was measured in 24 patients, NPARM 6

twenty-two of them had a TcCO, above 6 kPa (45 mmHg).
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Table 2 (continued)

Table 3 Comorbidities

Variable (n=31, unless
otherwise
noted)

Unknown 3

8-16 h a day 17 (56.6%)
20/24 1

20/25 4

20/26 1

20/27 5
NPARM 3

20/31 1
Unknown 2

16-24 h a day 2 (6.6%)
20/27

Ten patients transitioned from invasive ventilatory sup-
port (via a tracheostomy) to non-invasive positive pressure
ventilatory support between the ages 5 and 22 years. How-
ever, in two of them, this change was not well tolerated,
leading to a return to invasive ventilation via a tracheos-
tomy. In this study, none of the patients were supported by
diaphragm pacing.

Three out of five patients without a specific genetic diag-
nosis are on non-invasive positive pressure ventilation, the
remaining two are ventilated via tracheostomy.

Complications of mechanical ventilation

Three patients reported a complication caused by the tra-
cheostomy, which included tracheomalacia, granulation tis-
sue, and anxiety disorders due to difficult recannulations.
Due to the continuous use of the nasal mask, three patients
developed midface hypoplasia. Four patients experienced
life-threatening events: one patient with aPHOX2B 20/25
variant developed a hypercapnic coma during a respiratory
tract infection, one patient with a NPARM variant suffered
from acute respiratory failure, and one had an unexplained
collapse. The fourth patient died while sleeping without ven-
tilatory support; the other three events were not fatal.

Comorbidities

In Table 3, comorbidities are listed. Only 13 (42%) patients
are diagnosed with comorbidities related to CCHS, of which
Hirschsprung’s disease (n=15, 39%) and cardiac arrhythmia
(n=4, 31%) — for which in two patients required a pace-
maker — were the most common. All five patients with
Hirschsprung’s disease are diagnosed with a 20/27 PHOX2B
variant. In two patients (15%), both with a NPARM vari-
ant, a neural crest tumour was diagnosed. Neuropsychologi-
cal examination was performed in 3 patients, although the
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Variable (n=13)

Hirschsprung’s disease 5(38.5%)
20/27 5

Autonomic dysregulation 1(7.7%)
20/26 1

Arrhythmia 4 (30.7%)
20/26 1
20/27 2
NPARM 1

Neural crest tumours 2 (15.4%)
NPARM 2

Eye disease 1(7.7%)
NPARM 1

Hypertension 3(23.1%)
20/25 1
20/26 1
Unknown 1

Hypoglycaemia 1(7.7%)
20/27 1

reported results were not complete. In one of these patients,
overall neurocognitive development was average, while in
one of them it was below average. One patient had impaired
language development.

Discussion

This is the first study reviewing the Dutch cohort of CCHS
patients. In this cohort, the most common presentation of
CCHS is respiratory failure at birth, especially in patients
with a 20/25, 20/26 and 20/27 variant. Almost all patients
are dependent on ventilatory support, mainly during the
night. This dependency makes patients more vulnerable to
complications, shown by 4 reported life-threatening events.
In this study, none of the patients were supported by dia-
phragm pacing. A recent review article by Kasi suggested
diaphragm pacing as an option for stable patients requiring
full-time ventilatory support, as it may provide more free-
dom during the day [6].

A recently reported cohort study comparing ventilatory
support and long-term outcomes showed that most CCHS
patients were able to convert from all-day assisted ventila-
tion to sleep-only assisted ventilation in their first year [8].
This is in line with our findings that most patients (73%)
only require assisted ventilation during night-time sleep,
taking into account the mean age of 16 in our cohort. The
cohort study by Fain et al. also shows a comparable per-
centage of patients changing from invasive-ventilatory sup-
port via a tracheostomy to non-invasive positive pressure
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ventilatory support. In contrast, in our cohort, no patients
changed to diaphragm pacing.

Because of our limited study population, we are not able
to make clear statements about the relationship between
genotype and phenotype. Nevertheless, it is noticeable that
all 5 patients with Hirschsprung’s disease in this cohort
were diagnosed with a 20/27 variant. This high incidence
of Hirschsprung’s disease in patients with a 20/27 variant
was previously seen in literature [9]. Furthermore, only
patients with NPARM variants in our cohort had a neural
crest tumour.

We observed that patients with shorter PARMs (20/25,
20/26) also needed ventilatory support during some hours of
the day. This is not in line with previous findings suggesting
that these genotypes have a milder phenotype with regard
to the respiratory profile [1, 10, 11]. We observed that most
NPARM genotypes had a relatively mild and atypical pres-
entation regarding respiration, with ventilatory support only
required during the night. These conflicting results with the
literature in this national, although small, cohort underline
the statements made by Trang [5] and Kasi [6] that the rela-
tionship between genotype and phenotype is variable and
includes many exceptions.

This study also showed that not only CCHS patients with
longer PARMs but also those with other PHOX2B variants,
in particular NPARMs, are at risk for serious comorbidities
and adverse events due to their need for ventilatory support
and even live-threatening events. This finding is in line with
the findings of Bachetti and Ceccherini regarding PHOX2B
phenotypic heterogeneity [12].

Unfortunately, neuropsychological examinations were
performed in only 4 patients, whereas this should be part of
the regular follow-up for CCHS patients [5, 6]. In our cohort,
26% of the patients attended special-needs schools, which
is comparable to the literature that reports learning disabili-
ties in 30% of the CCHS patients and additional educational
needs or attending special schools in 50% of the patients [5].
Recently, an association was found between oxygen satura-
tion and heart rate during challenges and cognitive outcomes
in patients with CCHS [13], underlining the importance of
adequate ventilatory management for optimal functioning.
Furthermore, ocular disorders were only found in one patient
in this group (decreased pupillary reaction), while Goldberg
and Ludwig found ocular disorders in 46-92% of patients
with CCHS [14]. We hypothesize that not all patients were
regularly screened for ocular diseases.

In this study, we were not able to focus on the quality of
life. A small French cohort study with 12 CCHS patients
found that this disease is associated with a moderate impair-
ment of health-related quality of life in young adults [15].
We observed that the majority of patients with CCHS
were able to live at home and could pursue normal edu-
cation despite their life-affecting disease. While this is a

very reassuring outcome, further research should definitely
include an assessment of the quality of life.

The recent guideline by Trang and the review Kasi can
be used to formalize an adequate follow-up [5, 6]. A recent
expert consensus by Slattery and colleagues [15] can serve
as a guide for transitional care for adolescents and young
adults. While it is still not possible to precisely predict a
clinical profile based on the PHOX2B variant, we recom-
mend regularly evaluating the respiratory status and giving
specific attention to expected comorbidities in all patients,
regardless of their genetic variant. We suggest an annual
multidisciplinary evaluation in a University Medical Center
where an HMV center is located. Experts in HMV should be
part of this multidisciplinary team. Considering the high risk
of life-threatening complications, clinicians should monitor
patients’ clinical profile and implement individualized inter-
ventions focused on respiratory and circulatory disruptions.

In the Appendix, we formulate a proposal for the evalu-
ation of CCHS patients in the Dutch setting. Guided by a
patient’s clinical profile, follow-up in adolescents and adults
should be performed in an individualized way. The paediatric
evaluation should consist of an evaluation of the respiratory
situation with titration of the ventilatory support through
polysomnographic investigation, and in case of a tracheos-
tomy, management by an otolaryngologist. Besides respira-
tory management, cardiac monitoring for arrhythmias should
be performed annually, as well as surveillance for neural
crest tumours, gastrointestinal motility disorders and ocular
diseases (strabismus, pupillary abnormalities, convergence
insufficiency and ptosis). Neurodevelopmental testing should
be conducted annually, at least until school age. Thereafter, it
can be conducted in coordination with the school. Recently,
Welbel et al. found that the NIH Toolbox® Cognition Battery
(NTCB) is a valid tool for measuring cognitive outcomes in
patients with CCHS [16]. This can be used as an accessible
tool in neurodevelopmental follow-up. Throughout the year,
there should be close contact between the patient (or parents)
and preferably a specialized nurse for HMV. In the transi-
tion to adult healthcare, a multidisciplinary team should be
responsible for the follow-up of these patients.

Based on the incidence of CCHS, we expected 40 to 45
living patients in the Netherlands. With a sample size of
31 patients, we believe that this study covers the main part
of this population. However, some CCHS patients with a
milder phenotype might not have been included if they were
not treated in an HMV center or if their diagnosis was not
confirmed through genetic testing. Considering this possi-
bility, this study could be biased as it then included only
patients with a more severe profile of CCHS. For this ret-
rospective cohort study, data was collected by patients’ car-
egivers. This implies a vulnerability to omissions in medical
documentation. We are planning to follow the Dutch CCHS
patients prospectively to minimalize this effect.
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Conclusion

CCHS is a multiorgan disease with life-threatening respira-
tory problems. In our cohort, the genotype is not easily asso-
ciated with the phenotype in CCHS, although it is remarkable
that all 5 patients with Hirschsprung’s disease as a comorbid-
ity had a 20/27 PHOX2B variant. Our findings highlight the
importance of a multi-disciplinary approach and thorough
lifelong annual evaluation for all patients with CCHS in order
to provide the best care according to the latest standards and
prevent patients from life-threatening events.

Appendix. Proposal for evaluation of CCHS
patients in the Dutch setting

Clinical evaluation of respiratory situation (in a special-
istic centre):
Annual (or at least bi-annual in age <4 years)

— Transcutaneous CO, and if possible and accessible poly-
somnographic investigation

— Evaluation of ventilatory support

— If atracheostomy is present, a clinical check by an otorhi-
nolaryngologist should include airway endoscopy to
evaluate the cannula position and size.

— For non-invasive mechanical ventilation, consider an
examination by a maxillofacial specialist or nurse for
possible midface hypoplasia.

QOutpatient Follow-up:
Annual (or bi-annual in age < 4 years)

— Respiratory: Exercise test once during adolescence

— Cardiovascular: 48-72 h ECG Holter, blood pressure,
Echocardiogram

— Gastro-intestinal: signs of constipation or Hirschsprung's
disease

— Nutrition

— Ophthalmology: ocular testing

— Neurology neurocognitive tests

— Endocrinology: fasting glucose, and by indication 24 h
glucose day curve and OGTT

— Oncology: extensive physical examination, urine cat-
echolamines, consider Chest X-ray and abdominal ultra-
sound

— Social: Consultation of a social worker

We recommend organizing a multidisciplinary con-
sultation for each patient, involving all caregivers and the
patient’s care network, to raise awareness of CCHS and
address potential risks and daily life challenges.
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