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Abstract

Purpose Congenital central hypoventilation syndrome (CCHS) and rapid-onset obesity with hypothalamic dysfunction,
hypoventilation, and autonomic dysregulation (ROHHAD) are rare disorders of autonomic regulation with risk for disrupted
neurocognitive development. Our aim is to summarize research on neurocognitive outcomes in these conditions, advance
understanding of how to best support these individuals throughout development, and facilitate future research.

Methods We conducted a narrative review of literature on neurocognitive outcomes in CCHS and ROHHAD, supplemented
with previously unpublished data from patients with CCHS and ROHHAD at our Center for Autonomic Medicine in Pedi-
atrics (CAMP).

Results Individuals with CCHS and ROHHAD experience a wide range of neurocognitive functioning ranging from above
average to below average, but are at particular risk for difficulties with working memory, processing speed, perceptual rea-
soning, and visuographic skills. An assessment framework emphasizing fluid cognition seems especially appropriate for
these conditions. Owing to small cohorts and varied methods of data collection, it has been difficult to identify associations
between disease factors (including CCHS PHOX2B genotypes) and cognitive outcomes. However, results suggest that early
childhood is a period of particular vulnerability, perhaps due to the disruptive impact of recurrent intermittent hypoxic epi-
sodes on brain and cognitive development.

Conclusion Neurocognitive monitoring is recommended as a component of routine clinical care in CCHS and ROHHAD
as a marker of disease status and to ensure that educational support and disability accommodations are provided as early as
possible. Collaborative efforts will be essential to obtain samples needed to enhance our understanding of neurocognitive
outcomes in CCHS and ROHHAD.

Keywords Autonomic (dys)regulation - Cognition - Congenital central hypoventilation syndrome (CCHS) - PHOX2B -
Rapid-onset obesity with hypothalamic dysfunction, hypoventilation, and autonomic dysregulation (ROHHAD)
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conditions, review current knowledge of neurocognition in
each, assess what the results may mean for utilization of neu-
rocognition as a biomarker in these and other rare diseases,
and offer recommendations for research and clinical man-
agement in CCHS and ROHHAD to reduce disease impact
on neurodevelopment.

CCHS is an extremely rare neurocristopathy, with an esti-
mated 3000 cases since 1970 [2]. Onset is typically in the
neonatal period, although in a subset of individuals symp-
toms are identified after 1 month of age, described as later-
onset CCHS (LO-CCHS), with the presumption that delayed
symptom onset in those individuals is related to lesser dis-
ease severity. Primary clinical features of CCHS include
alveolar hypoventilation resulting in hypoxemia/hypercarbia
while asleep and awake, autonomic dysregulation, neural
crest tumors, and Hirschsprung disease [3]. Individuals with
CCHS are at risk for potentially life-threatening hypoxic and
asphyxial episodes and thus require artificial ventilation
while either asleep or awake and asleep, as life support. The
genetic basis of CCHS has been established as a spectrum
of mutations in the PHOX2B gene, a transcription factor
that plays a critical role in early development of the auto-
nomic nervous system. The most common CCHS-causing
mutations in PHOX2B are expansions of a 20-alanine repeat
region, known as polyalanine repeat mutations (PARMs),
and there is a well-established association between increas-
ing length of PHOX2B alanine expansions and severity of
phenotypic features [4, 5]. Other CCHS-causing variations
known as non-polyalanine repeat mutations (NPARMs) may
also occur throughout the gene and lead to widely varying
severity and presentations of the CCHS phenotype [6].

ROHHAD is a much rarer neurocristopathy, with fewer
than 200 reported cases [7]. It presents unexpectedly in
early childhood (ages 1.5-7 years) after seemingly typi-
cal physical and mental development. Upon disease onset,
children are at risk for “stealth” onset of severe hypoven-
tilation while asleep, necessitating artificial ventilation

as life support, and, in severe cases, awake and asleep.
Key disease features include the herald of rapid weight
gain (20-30 pounds over 3—6 months), then disruptions of
hypothalamic function, alveolar hypoventilation, and auto-
nomic dysregulation [8, 9]. Despite attempts to identify a
genetic basis for ROHHAD, its etiology has not been elu-
cidated, though neural crest origin as well as autoimmune
pathogenesis have been postulated [10], with suspected
involvement of the hypothalamus and periaqueductal gray
matter [11].

As presented in Table 1, CCHS and ROHHAD share the
features of alveolar hypoventilation with need for artificial
ventilation as life support, attention to autonomic dysregu-
lation, and increased risk of neural crest tumors. Hypotha-
lamic dysregulation with rapid-onset obesity are key fea-
tures of ROHHAD (though a small subset of individuals
with CCHS also experience growth hormone deficiency or
thyroid dysfunction), while Hirschsprung disease is seen
only in CCHS. The presence of a CCHS-related PHOX2B
gene mutation excludes a diagnosis of ROHHAD.

Since neurocognitive difficulties are reported in many
children with CCHS and ROHHAD, it is imperative to
study and longitudinally follow neurocognitive functioning
in these conditions and consider the extent to which neuro-
cognitive outcomes are secondary to chronic intermittent
hypoxemia, intrinsic disruption of neural development,
or other factors such as altered blood pressure regulation
and cerebral oxygenation/autoregulation. Furthermore,
disease-extrinsic factors that can influence neurocogni-
tive outcomes, such as socioeconomic status and parental
education, must also be considered. Comparisons of indi-
viduals with CCHS, LO-CCHS, and ROHHAD may facili-
tate our understanding of how these factors are related
to neurocognitive outcomes and how to best support this
population throughout development. Below we review the
published literature on neurocognition in each of these
conditions.

Table 1 Shared and differentiating features of CCHS, LO-CCHS, and ROHHAD

Phenotypic features Etiology Onset/clinical
o - ] B detection
Hypoventilation ANSD Neural crest Hirschsprung Hypothalamic Rapid-
tumors disease dysregulation onset
obesity
CCHS 100% 100% NPARM:>50% NPARM:>80% <5% 0% PHOX2B gene Neonatal
PARMs:<1%  PARM:~20% mutation (< 1 month)
LO-CCHS 100% 100% 0% <5% 0% 0% PHOX2B gene > 1 month
mutation
ROHHAD 100% 100% 40% 0% 100% 100% Unknown 1.5-10 years

ANSD autonomic nervous system dysregulation, CCHS congenital central hypoventilation syndrome, LO-CCHS later-onset CCHS, NPARM non-
polyalanine repeat expansion mutation, PARM polyalanine repeat expansion mutation, ROHHAD rapid-onset obesity with hypothalamic dys-

function, hypoventilation, and autonomic dysregulation
Adapted from Saiyed et al., 2014
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Neurocognitive findings in CCHS

Importantly, a subset of studies below, including all studies
published before 2003 when PHOX2B was established as the
disease-defining gene for CCHS, do not include PHOX2B
confirmation of diagnosis. Those studies established diag-
noses on the basis of clinical features of CCHS, an approach
that does not meet current diagnostic criteria. As such, all or
some of the CCHS cases reported in those studies may not
meet modern guidelines for CCHS diagnosis. To clarify this,
any study lacking PHOX2B confirmation for some or all of
its CCHS participants is marked with an asterisk upon first
mention in the text below.

Questionnaire-based surveys

Questionnaire-based surveys were the focus of two inves-
tigations attempting to gauge the neurocognitive impact
of CCHS. In 2004, Vanderlaan et al.* surveyed families
of patients who were registered with the CCHS Family
Network [12]. In total, 196 families (75% response rate)
returned the surveys, primarily from countries that are socio-
economically advantaged, with patients’ ages ranging from
infancy to middle adulthood. Of the 153 school-age partici-
pants, 63% reported having difficulty learning (25% involv-
ing reading/comprehension and 21% involving math/spatial
concepts), 34% were receiving special education assistance,
and 31% had repeated a grade in school. A 2009 survey by
Montirosso et al. of 26 children with PHOX2B-confirmed
CCHS described parental concerns related to attention, oral
expression, and psychomotor skills in more than 30% of the
sample, with particular concerns noted (65%) about attention
problems [13].

Psychometric comparisons with peers

Table 2 presents an overview of investigations of neurocog-
nition in CCHS that are discussed below, seven of which
were descriptive and did not report formal statistical anal-
yses. Those studies are identified in Table 2 by notations
indicating a lack of significance testing. Unless explicitly
indicated, the studies below did not report formal statistical
comparisons of subjects with CCHS against general popula-
tion means or a control group.

Concerns were first raised about the neurocognitive
impact of CCHS in 1987 by Oren et al.*, who published a
case report of six children and adolescents [14]. All were
described as having mild to moderate learning disabilities
and developmental delays requiring individualized educa-
tional programs, with delays particularly affecting fine motor
and cognitive skills along with speech development.

Several years later, Marcus et al.* described medical
and psychosocial outcomes of a cohort of 13 children with

CCHS [15]. Results of neurocognitive testing were available
for nine of the children, based upon the Kaufman Assess-
ment Battery for Children (K-ABC) [16], the Peabody Pic-
ture Vocabulary Test (PPVT) [17], and the Beery Devel-
opmental Test of Visual Motor Integration (Beery) [18].
Eight of the nine had a delay of more than one standard
deviation (SD) below the population mean on the K-ABC
Mental Processing Composite, which estimates overall cog-
nitive functioning. As a whole, the children were described
as functioning in the “slow learner” range. Two children
scored >2 SD below the population mean, indicating sig-
nificant delay. Delays were also noted on the PPVT, which
measures receptive vocabulary, and the Beery, which meas-
ures visuographic skills. A retrospective study by Silvestri
et al.* the same year described neurocognitive outcomes of
17 children and adolescents with CCHS based on a series of
clinical evaluations, with measures that varied by age [19].
Indices of development and intelligence varied widely in
their sample, from below the 5th percentile to the 85th per-
centile, with academic difficulties reported in 78% of their
school-age participants. Also, 82% of the children who were
evaluated using the Beery visuographic task scored below
the 50th percentile. Ruof et al.* described K-ABC testing
results of nine children with CCHS, with median scores for
the Mental Processing Composite in the low average range,
for the Sequential Processing Index (which emphasizes
working memory) in the borderline deficient range, and
for the Simultaneous Processing Index (which emphasizes
gestalt-like integration of stimuli) in the mid-average range
[20].

The first report of neurocognitive functioning in PHOX2B
mutation-confirmed CCHS was published by Zelko et al.
[21] with a sample of 20 patients ranging from school age
to early adulthood, based upon Wechsler intelligence scales
[22, 23]. The mean Full Scale 1Q (FSIQ) of the sample was
depressed significantly, falling one SD below the general
population mean (p <0.01). Scores on Wechsler subtests
measuring perceptual reasoning (block design, p <0.002)
and processing speed (coding, p < 0.017) were significantly
below population means, indicating particular vulnerabilities
in those cognitive subdomains.

Early childhood neurocognitive outcomes in CCHS were
addressed in a study by Charnay et al. based on administra-
tions of the Bayley Scales of Infant Development [24] to a
cohort of 31 children below 40 months of age [25]. Results
indicated mean mental (p =0.001) and motor development
(p<0.001) scores significantly below the general population
mean, falling respectively in the low average and borderline
deficient ranges.

Lagercrantz et al. administered the Wechsler intelligence
scales and the Beery to a sample of 11 children and adults
with CCHS [26]. They described median FSIQ and per-
ceptual reasoning indexes in the borderline deficient range,
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verbal comprehension and working memory indexes in the
mid average range, and processing speed and Beery scores
in the very low average range. Macdonald et al. described
results of Wechsler intelligence testing of a cohort of seven
children and young adults with CCHS, with mean values
for FSIQ, verbal comprehension, fluid reasoning, working
memory, and processing speed in the borderline-deficient
range [27].

A survey of physicians was used by Ogata et al.* to
retrieve information from medical records of 123 patients
with CCHS [28]. Results of neurocognitive testing with vari-
ous scales of intelligence and development were obtained for
35 of the 88 patients aged 6 years and older whose records
were surveyed for the study. Of the 35, 53% were found to
be receiving special education or to have IQ scores <75,
indicating intellectual disability. Only a subset of this cohort
had PHOX2B-confirmation of CCHS. Trang et al. followed
34 consecutive patients with CCHS who were administered
Wechsler intelligence scales [29]. Their sample had a mean
FSIQ in the low average range, and they found Wechsler
working memory and processing speed scores to be signifi-
cantly lower than verbal comprehension, visuospatial ability,
and fluid reasoning scores.

Welbel et al. recently presented results of neurocognitive
testing in 51 patients with CCHS with a novel computer-
ized measure, the NIH Toolbox Cognitive Battery (NTCB)
[30, 31]. Using this alternate test of mental ability, which
breaks down cognition into crystallized (based upon past
learning) and fluid cognition (based upon new learning and
speed of information processing) components, they found
the NTCB Fluid Cognition index (p < 0.001) and summary
Cognition Composite (p =0.01) to be significantly below
population norms, while the NTCB Crystallized Cognition
index did not significantly differ. They also studied Wechsler
intelligence indices in a subsample of 24 of their patients
with CCHS and found that, while all indices were below
the population mean of 100, none of them was significantly
depressed.

Heretofore unpublished data from our Center for Auto-
nomic Medicine in Pediatrics (CAMP) are presented in
Table 3, which provides the most recent Wechsler intelli-
gence and Beery scores from clinical follow-up testing in a
sample of 47 patients with CCHS ranging from 6 to 21 years
of age. To our knowledge, this is the largest sample to date
of individuals with CCHS who have received prospective
Wechsler intellectual assessments. These data indicate sig-
nificantly lower Wechsler indices of FSIQ, perceptual rea-
soning, working memory, and processing speed, and signifi-
cantly lower Beery scores, than general population means.

Previously unpublished Bayley data from 15 of the
youngest members of our current CCHS CAMP cohort (i.e.,
those below 6 years of age) indicate functioning in the low
average range. Single-sample #-tests comparing means with

@ Springer

Table 3 Cumulative neurodevelopmental data from Center for Auto-
nomic Medicine in Pediatrics (CAMP): subjects with CCHS aged
6-21 years compared with general population means

Index N Mean (SD)  Single-sample r-test versus
population means
t P Cohen’s d
Full Scale IQ! 47 93.36 (15.16) —3.01 0.004 —-0.44
Verbal 47 96.21 (16.18) —1.61 0.115 -0.23
Comprehension'
Perceptual 47 92.06 (15.54) -3.74 <0.001 —-0.55
Reasoning!
Working Memory? 46 91.26 (15.05) —394  <0.001 —0.58
Processing Speed’> 46 90.65 (10.81) —3.05 0.004 -0.45
Beery? 46 79.96 (14.71) -9.24 <0.001 —1.36

'WASI-II Wechsler Abbreviated Scale of Intelligence, 2nd edition

2Wechsler intelligence scale (child/adult version appropriate to age of
subject)

Population mean 100, SD 15

3Beery Beery Developmental Test of Visual Motor Integration

the general population reveal that the Bayley Motor Devel-
opment Index is significantly depressed (80.67 +26.52;
t=—2.823, p=0.014). The Bayley Cognitive Development
Index is a standard deviation below the population mean
but falls short of statistical significance (84.73 +33.25;
t=—1.778, p=0.097), as does the Bayley Language Devel-
opment Index (89.07 +£24.76; t= —1.710, p=0.109) [24].
Though these data are limited by a modest sample size,
they are consistent with the previous report of significantly
depressed Bayley indices [25]. It is noteworthy that motor
development scores were lower than cognitive development
scores in both samples, though the differences between the
two indices were not statistically significant in either sample.

Associations with CCHS phenotype,
disease-intrinsic, and treatment factors

Several studies have attempted to identify associations
between neurocognitive outcomes and clinical factors
related to the severity and treatment of CCHS. A starting
point for such analyses is the CCHS-related PHOX2B gen-
otype. Among known patients with CCHS, 90-92% have
PARM genotypes of 20/24 to 20/33 (heterozygous; in this
nomenclature, the normal allele has 20 alanine repeats and
affected allele has 24-33 alanine repeats; normal genotype
is 20/20) [3]. PARM length correlates with CCHS pheno-
type severity, with longer expansions presenting greater need
for respiratory support and increased risk of Hirschsprung
disease, tumors, cardiovascular dysfunction, and autonomic
dysregulation [3-5]. Consequently, associations between
PHOX2B genotypes and neurocognitive outcomes have been
a focus of interest.



Clinical Autonomic Research (2023) 33:217-230

223

In our studies of school-aged and older individuals,
including our unpublished sample described above, we
have been unable to identify statistically significant dif-
ferences between groups with different PARM expansion
lengths [21, 32]. However, Trang et al. reported significantly
higher Wechsler working memory scores in school-aged
children with a 20/25 genotype than in 20/26 and 20/27
genotype groups [29]. They also reported negative correla-
tions between Wechsler intellectual indices and the number
of polyalanine repeats, reaching statistical significance for
Wechsler fluid reasoning and working memory scores. In a
smaller CCHS sample (n=7) preventing statistical analyses,
Macdonald et al. noted that their subjects with a 20/27 geno-
type had, on average, lower 1Q scores (58.33 + 18.15) than
those with a 20/25 genotype (86.33 +18.23) [27]. In their
sample of preschool children, Charnay et al. found Bayley
scores of mental and motor ability to be indistinguishable
from the general population mean among those with a 20/25
genotype, and significantly higher in their 20/25 group than
in their 20/26 and 20/27 genotype groups [25].

Another comparison of interest in CCHS involves indi-
viduals whose symptoms manifest after 1 month of age, a
subset referred to as LO-CCHS. Our unpublished CAMP
CCHS dataset presented above includes 12 individuals with
LO-CCHS along with 35 individuals with typical neona-
tal onset CCHS, indicating that 25% of our CCHS clini-
cal population falls into this later-onset group. Means from
Wechsler intelligence testing in these two subgroups are pre-
sented in Table 4, along with r-tests comparing each group
with population means. In our neonatal-onset CCHS group,
mean Wechsler FSIQ, perceptual reasoning, working mem-
ory, and processing speed indices, and Beery visuographic
scores, are significantly lower than the general population.
However, in the LO-CCHS group, significant differences are
only found for Wechsler perceptual reasoning and the Beery.
We found no significant differences in direct comparisons

between our neonatal-onset and LO-CCHS groups on any
neurocognitive indices. While these findings suggest greater
neurocognitive impact in neonatal-onset CCHS than LO-
CCHS, given the small size of the LO-CCHS group, and the
fact that indices such as Wechsler FSIQ were slightly (but
not significantly) lower in the LO-CCHS group than in the
neonatal onset CCHS group, it is important to be cautious
in interpreting these results.

Shimokaze et al. described a cohort of 92 children with
PHOX?2B mutation-confirmed CCHS [33]. Of those, a subset
of 19 with a 20/25 PHOX2B genotype received testing with
various measures of intellectual ability, either the Enjoji Test
of Analytical Development [34], the Kyoto Scale of Psycho-
logical Development [35], or the Wechsler intelligence scale
[23]. The mean standard score for this subsample was in the
borderline-deficient range, with 42% having scores below 80
and described as meeting criteria for intellectual disability.
This sample is noteworthy because 12 out of the 19 were not
diagnosed until after the neonatal period (i.e.,> 1 month of
age), although 8 of those 12 had experienced hypoventila-
tion as neonates (i.e., < 1 month of age). Delayed diagnoses
in those 20/25 participants may have resulted in delay of
ventilator support initiation, with adverse impact upon their
neurocognitive outcomes. The median age of diagnosis in
these 12 cases was 21.5 months (range 1-180 months), com-
pared with a median age of diagnosis of 57.25 months (range
1.8-168 months) in the later-onset cohort of our above-
described previously unpublished CAMP dataset.

Other clinical factors have also been studied in relation to
neurocognitive outcomes in several CCHS cohorts, includ-
ing hours/days of ventilatory support, duration of initial hos-
pitalization, growth parameters (weight/height), pulmonary
hypertension, seizures, brain atrophy, central and periph-
eral hearing deficits, ophthalmologic abnormalities [19],
seizure history and use of a cardiac pacemaker [21], and
age of disease onset and presence of Hirschsprung disease,

Table 4 Cumulative neurodevelopmental data from Center for Autonomic Medicine in Pediatrics (CAMP): neonatal-onset and later-onset CCHS

subgroups age 6-21 years compared with general population means

Index Neonatal-onset CCHS Later-onset (> 1 month) CCHS
N Mean (SD) t P Cohen’sd N Mean (SD) t P Cohen’s d

Full Scale IQ' 35  93.91(15.55) -2.32 0.027 -0.39 12 91.75(14.47) —-1.98 0.074 -0.57
Verbal Comprehension' 35  96.89 (16.88) —1.09  0.283 -0.19 12 9425(14.45) —-1.38 0.195 -0.39
Perceptual Reasoning' 35  92.57(14.85) =296  0.006 -0.50 12 90.58 (14.13) —-2.31  0.041 —0.67
Working Memory? 34 91.35(15.02) -3.36  0.002 -0.58 12 91.00(15.80) —-1.97 0.074 -0.57
Processing Speed” 34 89.53(19.22) -3.18 0.003 —-0.55 12 93.83(25.46) —0.84 0.419 -0.24
Beery 34 78471575 =797 <0.001 -1.37 12 84.17(10.71) -5.12 <0.001 —1.48

Beery Beery Developmental Test of Visual Motor Integration, CCHS congenital central hypoventilation syndrome

'Wechsler Abbreviated Scale of Intelligence, 2nd edition (WASI-II)

ZWechsler intelligence scale (child/adult version appropriate to age of subject)

Population mean 100, SD 15
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without finding significant associations [29]. However, in
their early-childhood cohort, Charnay et al. found signifi-
cantly lower Bayley mental and motor scores in individuals
with CCHS with a history of severe breath-holding spells,
with prolonged sinus pauses, and requiring 24 h per day
artificial ventilation, as well as significantly lower Bayley
motor scores in individuals with a history of seizures [25].
As presented in Table 5, in our unpublished cohort of 15
patients with CCHS referenced above who were adminis-
tered the Bayley, we found significantly lower cognitive
(t=3.387, p=0.005), language (r=3.342, p=0.005), and
motor (t=3.624, p=0.003) development scores in indi-
viduals with Hirschsprung disease than those without it.
We also found significantly lower cognitive (¢=3.479,
p=0.004) and language (1=2.454, p=0.029) development
scores in preschoolers with CCHS who have a a history of
cyanotic breath-holding spells than those without them, but
motor development scores were not significantly different
(t=2.039, p=0.062).

Ventilatory method (mask versus tracheostomy) has
been studied in relation to neurocognitive outcomes, with
seemingly contradictory results. Trang et al. [29] reported
higher Wechsler intelligence indices in patients with CCHS
receiving mask ventilation than those receiving tracheos-
tomy ventilation. This report contrasts with the findings
of Ogata et al. [28], who reported that individuals treated
with tracheostomy in the first 3 months of life had a better
developmental prognosis than individuals managed via tra-
cheostomy after 3 months of age or treated with mask ven-
tilation. However a confound in the Trang et al. study is that
their patients who received tracheostomy ventilation likely
had more severe CCHS to start with, so the neurocognitive

differences reported may reflect differences in baseline
severity that resulted in mask versus tracheostomy treatment.

Associations with CCHS disease-extrinsic factors

While several studies of neurocognitive outcomes in CCHS
have compared their functioning with general population
norms, doing so risks biased results if factors potentially
related to cognitive outcomes but extrinsic to the disease,
such as socioeconomic status and parent education, differ
in a CCHS sample from the general population. For exam-
ple, in our own research we have noted a disproportionate
share of participants from households with parents educated
at or above the college level [32, 36]. This raises a poten-
tial confound because some areas of cognitive functioning
are known to be associated with variables such as parent
education [37], with cognitive test scores higher in chil-
dren from households with higher parent education levels,
which are in turn also related to socioeconomic status. As
a result, cognitive impacts due to CCHS may be underesti-
mated in a sample with higher-than-average parent educa-
tion levels if it is compared with general population means,
because those means do not reflect the anticipated cogni-
tive benefit that parents’ higher educational status and/or
socioeconomic privilege has on an individual with CCHS.
Parents or other first-degree relatives in the same household
represent a particularly interesting alternative comparison
group. Differences between patients with CCHS and unaf-
fected first-degree relatives living within the same household
are more likely to be attributable to disease-intrinsic factors
than differences between patients with CCHS and general

Table 5 Associations of Bayley Clinical variable

Bayley index

developmental indices with
CCHS clinical variables in

Cognitive development

Language development Motor development

unpublished cohort from the
Center for Autonomic Medicine

History of cyanotic breath-holding spells

in Pediatrics (CAMP) Mean (SD)
Yes (n=4) 47.75 (25.50) 66.75 (21.67) 59.75 (24.87)
No (n=11) 98.18 (24.62) 97.18 (21.11) 88.27 (23.68)
t 3.479 2.454 2.039
P 0.004 0.029 0.062
Cohen’s d 2.03 1.43 1.19
Hirschsprung disease
Mean (SD)
Yes (n=9) 66.78 (28.37) 75.22 (18.97) 66.44 (22.58)
No (n=6) 111.67 (18.89) 109.83 (16.67) 102.00 (15.61)
t 3.387 3.342 3.624
P 0.005 0.005 0.003
Cohen’s d 1.79 1.91 1.76

Bayley Bayley Scales of Infant Development

Population mean 100, SD 15

@ Springer



Clinical Autonomic Research (2023) 33:217-230

225

population means, because patients and their parents are
more closely matched on factors that are extrinsic to CCHS.
Following this reasoning, our group took an alternate
approach to assessing the neurocognitive impact of CCHS
by comparing the intellectual functioning of individuals with
CCHS with their parents as well as with general population
norms [32]. We did this using a brief IQ measure called
the Shipley Institute of Living Scale, 2nd edition (Ship-
ley-2), which provides indices of overall reasoning [38]. We
expected parents to be slightly above the general population
norm on these measures, and we also expected to find dif-
ferences between patients with CCHS and their parents that
we would not find between patients with CCHS and popula-
tion norms. As predicted, parent means were slightly above
the general population value of 100 for overall intelligence
(103.9 £10.8), vocabulary (106.6 + 8.6), and abstraction
(101.0+12.1), though the differences were not statistically
significant. We found significant CCHS patient—parent dif-
ferences for overall intelligence, vocabulary, and abstract
reasoning, but not for perceptual reasoning. In contrast,
differences between individuals with CCHS and general
population norms were significant only for abstraction and
perceptual reasoning. The impact of the comparison group
(parent versus general population norms) for vocabulary
scores was of particular interest, because vocabulary is
strongly associated with socioeconomic status [39].

Neurocognitive findings in ROHHAD

Owing to its extreme rarity, current knowledge of neurocog-
nitive outcomes in rapid-onset obesity with hypothalamic
dysfunction, hypoventilation, and autonomic dysregula-
tion (ROHHAD) is based primarily on individual case and
small multiple-case reports. Neuropsychiatric dysfunction
has been noted, and it has been described as a key feature,
though primarily in children with suboptimal artificial venti-
lation [8]. Disturbances of attention, personality, mood, and
social behavior, including autistic spectrum symptomatol-
ogy, have been reported in several very early case studies
[40-44].

Neurocognitive difficulties have been noted in several of
the same reports, though not as a consistent finding. Descrip-
tions of neurocognitive functioning in ROHHAD have been
mostly qualitative, though quantitative results of serial neu-
ropsychological testing were provided for two children in
a dual-case cyclophosphamide trial [10]. Core verbal and
nonverbal ability estimates ranged from borderline deficient
to mid-average for one child but were higher (low average
to mid average) for the second. In a systematic review of
ROHHAD surveying 28 single-case and 8 multiple-case
reports, Lee et al. identified behavioral impairments in 60%
of the sample, poor school performance in 6%, develop-
mental delay in 6%, and intellectual disability in 4% [45].

Khaytin et al. recently published a 10-year retrospective
report of a patient with ROHHAD with conservative ven-
tilatory management [7]. The patient’s neurocognitive per-
formances were largely stable over time, indicating verbal
comprehension and processing speed in the high average to
superior range, notably higher than low average to average
performances on perceptual reasoning tasks, and contrast-
ing even more with performances ranging from borderline
deficient to average on visuographic and perceptual motor
tasks. To our knowledge, a study presenting aggregated neu-
rocognitive test results in ROHHAD has not been published.

The Center for Autonomic Medicine in Pediatrics has
been involved in the care of nearly 150 individuals with
ROHHAD, and in the course of routine clinical follow-up
we have collected neurocognitive test results from a sam-
ple of 19 individuals ranging in age from 7.4 to 18.5 years,
with a mean of 12.3 years (SD 3.6). Portions of these data
were previously presented in abstract form by Warner et al.
[46]. Heretofore unpublished Wechsler intelligence and
Beery visuographic test results from these evaluations are
presented in Table 6, along with results of single-sample
t-tests comparing them with general population means. The
comparisons indicate significantly lower perceptual reason-
ing (p=0.047), working memory (p=0.023), and processing
speed (p=0.003) scores in patients with ROHHAD than in
the general population. Additionally, patients scored sig-
nificantly below population means on the Beery measure of
visuographic skills, (87.00 + 13.68, p <0.001).

Three additional children in our ROHHAD cohort
exhibited severe developmental delay and/or behavioral

Table 6 Cumulative neurodevelopmental data from Center for Auto-
nomic Medicine in Pediatrics (CAMP): subjects with ROHHAD aged
7-18 years compared with general population means

Index N Mean (SD)  Single-sample #-test versus
population means
t P Cohen’s d
Full Scale IQ! 19 97.84 (19.78) —-0.475 0.640 -0.11
Verbal 15 96.07 (17.17) —-0.887 0.390 -0.23
Comprehension’!
Perceptual 15 89.27(19.04) -2.183 0.047 —-0.56
Reasoning'
Working Memory? 16 89.13 (17.19) —2.530 0.023  —0.63
Processing Speed’> 16 86.31(15.56) —3.519 0.003  —0.88
Beery 18 87.00 (13.68) —4.03 <0.001 —-0.95

Beery Beery Developmental Test of Visual Motor Integration;
ROHHAD rapid-onset obesity with hypothalamic dysfunction,
hypoventilation, and autonomic dysregulation

'WASI-II Wechsler Abbreviated Scale of Intelligence, 2nd edition

ZWechsler intelligence scale (child/adult version appropriate to age of
subject)
Population mean 100, SD 15
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disturbance that prevented the administration of the Wechsler
intelligence scales. Parent-reported ratings of adaptive func-
tioning for those children indicated significant disability,
based on General Adaptive Composite standard scores of 52,
53, and 55 on the Adaptive Behavior Assessment System,
2nd edition (ABAS-II) [47]. These outliers are particularly
noteworthy because they resemble early ROHHAD case
descriptions of neuropsychiatric disturbance. Although our
19 patients represent approximately 10% of the estimated
worldwide prevalence of 200 individuals with ROHHAD,
our sample is admittedly modest from a statistical stand-
point, so it is not possible to perform formal tests of asso-
ciation between indices of neurocognitive functioning and
ROHHAD disease factors.

Discussion

Collectively, research to date indicates that individuals with
CCHS experience a wide range of neurocognitive function-
ing. Many are successful, and in fact thrive, with appropriate
academic and therapeutic supports. As a group, however,
they are at risk for reduced cognitive functioning relative
to the general population. It has been difficult to quantify
the degree of cognitive divergence associated with CCHS
disease factors. Mean estimates of overall cognition (e.g.,
Wechsler Full Scale 1Q) in different CCHS samples have
varied from the borderline range (standard scores in the 70s)
to the mid-average range (standard scores in the 90s), and it
is unclear what factors account for this variability.

An obvious candidate is PHOX2B genotype. While Trang
et al. found significant associations between Wechsler intel-
ligence indices and PHOX2B genotypes in their CCHS
sample [29], a similar finding has been reported only in a
sample of very young children using the Bayley Scales of
Infant Development [25]. Difficulties in identifying associa-
tions between genotypes and cognitive phenotypes may stem
from the fact that most reports of neurocognitive outcome
in CCHS have been based on samples of fewer than 30 indi-
viduals. The Trang et al. study, one of the largest, tested
34 children with Wechsler intelligence scales, including 8
patients with a 20/25 genotype, 11 with a 20/26 genotype,
and 7 with a 20/27 genotype [29]. Similarly, the Charnay
et al. study of 31 young children with CCHS included 7
patients with a 20/25 genotype, 9 with a 20/26 genotype,
and 8 with a 20/27 genotype [25]. Given the modest size of
genotype subsamples in most studies, conclusions regard-
ing associations between cognitive outcomes and genotypes
should be considered tentative. The question of a significant
association between CCHS PHOX2B genotypes and neu-
rocognitive outcomes is a critical one that clearly deserves
further investigation in larger samples.

@ Springer

Studies of associations between neurocognitive outcomes
and other CCHS disease factors have provided modest evi-
dence of significant effects in the CCHS population as a
whole. However, Charnay et al. found significant associa-
tions between history of severe breath-holding spells, pro-
longed sinus pauses, need for 24 h per day artificial ventila-
tion, and seizures and performance on the Bayley Scales
of Infant Development [25]. Similarly, our latest Bayley
data, described above, also indicate significant associations
between Bayley indices of development and the disease fac-
tors of Hirschsprung disease and cyanotic breath-holding
episodes.

Findings of associations in early childhood between neu-
rocognitive outcomes and CCHS genotypes and other dis-
ease factors raise the possibility that the relative contribution
of these factors to cognitive outcomes (as compared with
other factors such as ventilatory/medical management and
socioeconomic factors) may vary with age. For example,
the variance contributed by PHOX2B genotype and CCHS
disease severity to cognitive outcomes may be greater in
early childhood, a critical period of brain development, espe-
cially if CCHS diagnosis is delayed and a child experiences
hypoxic events as a result. In later childhood and adulthood,
with effective ventilation and stable disease management,
the relative impact of other factors such as socioeconomic
status, parent education, and educational interventions may
increase. Factors extrinsic to both CCHS and ROHHAD
such as socioeconomic status must be considered in future
investigations, either by comparing affected individuals with
a group that is more closely matched to them than the gen-
eral population, or by covarying for extrinsic factors such as
parent education levels to the extent possible. In this review
we have not addressed the stability or evolution of neuro-
cognitive phenotypes in CCHS and ROHHAD over time.
No published studies to date have studied neurocognitive
functioning longitudinally in CCHS or ROHHAD cohorts.
This is an extremely important question that will require
collaborative efforts with carefully designed neurocognitive
assessment protocols.

An important challenge to address in studying CCHS is
the potential for conflation between indicators of age of onset
and indicators of disease severity. While a positive PHOX2B
gene test conclusively establishes a diagnosis of CCHS and
indicates the expected phenotype severity based on the
effect on the PHOX2B protein, it is the emergence of clini-
cal symptomatology that brings an individual to the attention
of a physician who is then able to recognize its significance
and obtain a confirmatory PHOX2B test. Individuals with
more severe genetic mutations who are the most neurode-
velopmentally vulnerable generally exhibit visible clinical
symptomatology earlier and are diagnosed earlier. But, for
some individuals with milder PHOX2B gene variants, rec-
ognition of features such as hypoventilation and autonomic
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dysregulation may be delayed, along with appropriate treat-
ment. The concern is that, even in individuals with the mild-
est PHOX?2B genotype, delayed identification and treatment
may result in repeated early hypoxic episodes along with
cardiovascular and other ANS dysregulation events that may
disrupt typical neurocognitive development. These findings
emphasize the importance of the earliest years of childhood
as a period of neurocognitive vulnerability in CCHS deserv-
ing particular research attention. Unraveling the impact of
factors such as CCHS severity and ventilatory method upon
neurocognitive outcome will be difficult. Given the ATS
CCHS Policy Statement [3] and the consensus within the
field that tracheostomy ventilation is the only appropriate
method in individuals with severe CCHS, a true clinical trial
is not feasible. Methodologies such as random assignment
to mask versus tracheostomy treatment groups, regardless of
disease severity, cannot be carried out owing to the extreme
risk of hypoxic events affecting brain functioning and neu-
rocognitive development.

Compared with general population norms, areas of cogni-
tion related to fluid abilities such as working memory and
processing speed appear particularly likely to be underde-
veloped in CCHS. In contrast, areas of cognition related to
crystallized ability such as vocabulary and verbal compre-
hensions appear to be less severely affected. Similar find-
ings are seen in other clinical populations such as traumatic
brain injury and dementia, and the neuroanatomical circuitry
underlying fluid cognition is generally thought to be more
vulnerable to insult than the circuitry of crystallized cogni-
tion in a variety of neurologic and systemic medical dis-
orders. However, verbal difficulties may be underestimated
by comparisons of individuals with CCHS with general
population norms, because CCHS samples have often been
drawn from households that confer socioeconomic and edu-
cational advantages to a child’s verbal abilities. When those
advantages are controlled for by comparing children with
CCHS against their parents, differences of verbal ability may
also become apparent. Repeated findings of visuographic
and Bayley Motor Development performances significantly
below the population mean also indicate that perceptual-
motor and fine motor skills are areas of special vulnerabil-
ity in CCHS. Interestingly, visuographic and perceptual
reasoning performances are also significantly depressed in
ROHHAD. These findings suggest that measures of visuo-
graphic and perceptual-motor skills are likely to be espe-
cially useful for monitoring outcomes in both CCHS and
ROHHAD.

Owing to its exceptional rarity, our knowledge about
neurocognitive outcomes in ROHHAD is severely limited,
and largely based on single-case and multiple-case reports
that have anecdotally noted neuropsychiatric impairments
in a subset of individuals with ROHHAD. Given the lack

of published group studies of individuals with ROHHAD,
it is difficult to know the extent to which cases with neu-
ropsychiatric impairment represent a distinct subgroup.
However, our own sample, as presented in Table 5, sug-
gests that individuals with ROHHAD experience a range
of neurocognitive outcomes, some having difficulties with
working memory, processing speed, perceptual reasoning,
and visuographic skills that are similar to those seen in
CCHS. The longitudinal case study by Khaytin et al. [7]
illustrates the point that, with conservative management,
neurocognitive outcomes in ROHHAD can be excellent.
The subgroup of children with ROHHAD that we found
“untestable” is small (in our experience, 3 out of 22) but
of particular interest, because it connects with past case
reports, and because a similar level of behavioral distur-
bance is rarely seen in CCHS. The presence of this small
and apparently distinct subgroup with severe neuropsychi-
atric disturbance raises the possibility of a “bifurcation”
of neurocognitive outcomes in ROHHAD, with most indi-
viduals experiencing relatively mild challenges but with a
small group of individuals experiencing severe behavioral
and cognitive disability for reasons that are unclear.

Inconsistency of findings regarding associations
between disease factors and neurocognitive outcomes in
CCHS is undoubtedly in part a consequence of the small
sizes of samples in published studies of this rare condi-
tion. As noted above, even fewer data are available on
ROHHAD. However, inconsistency may also result from
protocols for the collection of clinical and neurocognitive
data that vary over time (e.g., different intellectual meas-
ures used at different ages) and from one research setting
to another. Inconsistent findings may also reflect the pos-
sibility that, even when they are significant, associations
(effect sizes) between disease factors and neurocognitive
outcomes are modest, or that they vary over a patient’s
lifetime, for example, being greater in critical years of neu-
rocognitive development in early childhood but decreasing
as an individual with CCHS gets older. A clear and dif-
ferentiated picture of neurocognitive outcomes in CCHS
and ROHHAD will be possible only with the development
of large datasets via collaborations among clinical research
centers.

Figure 1 shows a conceptual model depicting the
myriad factors that may affect neurocognitive outcomes
in CCHS and ROHHAD. The model emphasizes the
complexity of intrinsic (i.e., disease-related), treatment-
related, and extrinsic (e.g., environmental, social) factors
that may influence neurocognitive outcomes in CCHS and
ROHHAD. This complexity poses a challenge to research-
ers aiming to explicate neurocognitive outcomes in these
conditions, because their rarity limits data gathering and
statistical analyses.
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Fig. 1 Model of factors affect-
ing neurocognitive outcomes in

CCHS and ROHHAD
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Recommendations

1) Standardized neurocognitive testing of those with CCHS
and ROHHAD should occur every 6 months under the
age of 3 years and then annually after age 3 as a routine
component of clinical care. Interval testing is essential
for timely recognition of educational and disability
accommodation needs, to ensure that individuals with
CCHS and ROHHAD are optimally supported in work-
ing toward their full potential. Longitudinal neurocogni-
tive testing may also serve as a marker of general physi-
ologic wellness and stability.

2) Neurocognitive monitoring in CCHS and ROHHAD
should target areas such as working memory, process-
ing speed, perceptual reasoning, and visuographic skills,
which appear to be particularly vulnerable in both condi-
tions. The crystallized/fluid ability model of cognition
noted above seems especially promising as a framework
for monitoring, with a primary focus on fluid cognition.

3) While it is not a substitute for comprehensive clinical
neuropsychological assessment, the NIH Toolbox Cog-
nitive Battery (NTCB) is recommended as a novel, eco-
nomical, time-effective, and highly transferable measure
of neurocognitive functioning that can facilitate longi-
tudinal neurocognitive monitoring and collaboration
across centers caring for individuals with CCHS and
ROHHAD. However, aside from English, the NTCB
has been formally validated only in Spanish, Swahili,
and Dholuo [48, 49], so universal application is not cur-
rently possible and will require its adaptation to other
languages and cultures.

4) To deepen our understanding of CCHS and ROHHAD,
collaborative efforts across centers caring for individu-
als with these conditions will be essential, with aggre-
gated samples large enough to provide statistical power
necessary for analyses of intrinsic and extrinsic factors,
as well as longitudinal neurocognitive outcomes. It will
be necessary for future collaborative research to collect
consistent data across centers that clearly define vari-
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Factors

ables such as age at symptom onset as well as age at
formal diagnosis, along with details of ventilatory and
other interventions and management compliance, as
well as extrinsic variables such as parent education and
socioeconomic status. The NIH Toolbox Cognitive Bat-
tery (NTCB) is an excellent example of an easily trans-
ferable measure that could facilitate collaborative study
of neurocognitive outcomes in these conditions, though
ongoing use of traditional neurocognitive measures will
also play a critical role in longitudinal neurocognitive
research and clinical follow-up.
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