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In adult CCHS patients, acute cognitive loads disorganise breathing and induce oxygen
desaturation during unassisted breathing but not ventilatory support. Ventilatory support should
be considered in this setting, to avoid repeated hypoxia. https://bit.ly/3Mlp0yH
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Abstract
Question Human PHOX2B mutations result in life-threatening sleep-related hypoventilation (congenital
central hypoventilation syndrome, CCHS). Most patients retain ventilatory activity when awake through a
respiratory-related cortical network. We hypothesised that this need to mobilise cortical resources to
breathe would lead to breathing-cognition interferences during cognitive loading.
Patients and methods Seven adult CCHS patients (five women; median age 21) performed standard
neuropsychological tests (paced auditory serial addition test – calculation capacity, working memory,
sustained and divided attention; trail making test – visuospatial exploration capacity, cognitive processing
speed, attentional flexibility; Corsi block-tapping test – visuospatial memory, short-term memory, working
memory) during unassisted breathing and under ventilatory support. Ventilatory variables and
transcutaneous haemoglobin oxygen saturation were recorded. Cortical connectivity changes between
unassisted breathing and ventilatory support were assessed using electroencephalographic recordings (EEG).
Results Baseline performances were lower than expected in individuals of this age. During unassisted
breathing, cognitive loading coincided with increased breathing variability, and decreases in oxygen
saturation inversely correlated with an increasing number of apnoeic cycles per minute (rho −0.46, 95% CI
−0.76 to −0.06, p=0.01). During ventilatory support, cognitive tasks did not disrupt breathing pattern and
were not associated with decreased oxygen saturation. Ventilatory support was associated with changes in
EEG cortical connectivity but not with improved test performances.
Conclusions Acute cognitive loads induce oxygen desaturation in adult CCHS patients during unassisted
breathing, but not under ventilatory support. This justifies considering the use of ventilatory support during
mental tasks in CCHS patients to avoid repeated episodes of hypoxia.

Introduction
Human PHOX2B mutations result in various autonomic disorders including defective breathing control
leading to life-threatening sleep-related hypoventilation (congenital central hypoventilation syndrome
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(CCHS), 1 per 50–200 000 births [1]). Most patients retain normal or subnormal alveolar ventilation when
awake, suggesting a cortical contribution to the neural drive to breathe. In adult patients with CCHS,
electroencephalographic recordings show the activation of a respiratory-related cortical network during
quiet unassisted breathing [2]. This network is normally silent in healthy individuals [2]. Functional
neuroimaging in a patient with CCHS showed reduced respiratory-related cortical activity and reduced
cortex-brainstem connectivity under mechanical ventilation, further supporting a cortical contribution to the
neural drive to breathe [3]. The mobilisation of cortical resources to maintain ventilation could lead to
breathing-cognition interference, since the simultaneous performance of a cognitive task and of a motor
task can lead to a deterioration of one or both when they involve a shared neural network (dual-task
framework, see review in LEONE et al. [4]). In the above neuroimaging observation, the reduction in
respiratory-related cortical activity associated with mechanical ventilatory assistance has been shown to be
associated with improved cognitive performance (freeing the cerebral cortex from the burden of breathing)
[3]. Reciprocally, cognitive loading in CCHS patients could interfere with the cortical drive to breathe and
therefore result in alveolar hypoventilation. No systematic assessment of this phenomenon has been
conducted in adult CCHS patients. We therefore tested the primary hypothesis that acute cognitive loading
during unassisted resting breathing in patients with CCHS would disrupt breathing pattern and possibly
result in alveolar hypoventilation hence oxygen haemoglobin desaturation. We predicted that such changes
would not occur during acute cognitive loading under ventilatory support, given the controlled ventilatory
modes routinely used by the patient. We also tested the secondary hypothesis that performing
neuropsychological tests under ventilatory support would be associated with improved test performances.

Methods
Ethics
This single-centre study was part of a larger programme (NCT03095729). It was conducted in compliance
with the Declaration of Helsinki. It was approved by the appropriate ethics committee (Comité de
Protection des Personnes Sud-Ouest et Outre-Mer IV, CPP17-005a/2A01660-51). All participants provided
written consent to participate.

Patients with CCHS
Adult patients (⩾18 years) with PHOX2B mutations were eligible. Non-inclusion criteria were: 1) ventilator
dependency during wakefulness; 2) respiratory abnormalities other than related to CCHS; 3) acute
respiratory issues during the last 6 weeks; and 4) a formal diagnostic of cognitive impairment or patent
cognitive disorders. Patients were asked not to consume alcohol or psychotropic drugs during the 24 h
preceding the study.

Study protocol
Evaluations were conducted on the same day for each patient. To limit the impact of a learning effect on
the overall results, the patients were randomised to perform the neuropsychological tests either first during
unassisted resting breathing or first during ventilatory support, at random (figure 1). Given the size of the
population, the data from the resulting groups were then pooled: no between-group comparisons were
conducted. Also to limit the impact of learning effect, two versions of the paced auditory serial addition
test (PASAT) were performed according to a XYYX plan (unassisted breathing – ventilatory support –
ventilatory support – unassisted breathing) [5]. Under ventilatory support, the patients used their usual
ventilatory support devices and settings (controlled mode in all cases; noninvasive ventilation in pressure
control mode in six patients, volume-controlled ventilation through a tracheotomy in one patient). All the
patients confirmed being familiar with the corresponding mode of mechanical ventilation during
wakefulness. Because CCHS patients exhibit a respiratory-related cortical activity during unassisted
breathing [2] that decreases during ventilatory support [3] and because changes in a respiratory-related
cortical activity have been shown to occur concomitantly with changes in cognitive performances during
inspiratory loading in normal humans [5], electroencephalogram (EEG) recordings were acquired during
the first and last 10 min of the evaluations (figure 1). The aim of these recordings was to document that
ventilatory support was associated with changes in brain activity.

Ventilatory variables
Ventilatory flow was measured with a low resistance (<1 cmH2O·L

−1·s−1) low dead space (∼40 mL)
pneumotachograph (3700A series; Hans Rudolf, Shawnee, KS, USA) connected to a differential pressure
transducer (±5 cmH2O, DP45-18; Validyne, Northridge, CA, USA) and linked to an analogue digital
converter (Powerlab 16/35; AD Instruments, Bella Vista, Australia). Pulse oximetry was measured
continuously. Tidal volume (VT) was calculated by integration of the flow signal. Inspiratory time (tI),
expiratory time (tE), respiratory period (TT) and breathing frequency ( fB) were measured using LabChart
7.3 (AD Instruments). The breath-by-breath variability of ventilatory variables was described by calculating
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their coefficients of variation. Apnoeic cycles (tE above 3 standard deviations of the corresponding value
measured during unassisted resting breathing [6, 7]) were counted.

Electroencephalographic (EEG) data
EEG activity was recorded by four active scalp electrodes (Cz, Fz, FP1, FP2) connected to a V-Amp
amplifier (Brain Products, Gilching, Germany; digitisation 256 Hz, bandwidth 0.05–5 Hz), the patients
being asked to limit body and eye movements as much as possible to reduce artefacts. Changes in brain
activity related to breathing condition were identified using the Riemannian evaluation of cortical
connectivity previously described [8–11]. EEG classifying performance was evaluated by a cross-
validation process: the reference period of the “unassisted breathing” condition was divided into 10 equal
EEG segments, and comparisons between nine of these segments and the data from the “ventilatory
support” condition were repeated nine times to take all combinations into account. The results were plotted
as receiver operating characteristic curves. A prediction area under the curve (AUC) of 1 and 0.5 indicated
perfect and random discrimination, respectively, and an AUC ⩾0.7 indicated satisfactory discrimination.

Neuropsychological tests
Among the many existing neuropsychological tests, we chose three on which the impact of changes in
respiratory-related cortical activation has been studied before [5]. The participants underwent:
1) The PASAT version A and B [12], during which patients were given a number from 0 to 9 every 3 s

and asked to recall the two most recent numbers (3-min fixed duration); the PASAT evaluates
calculation capacity, working memory, sustained and divided attention; respiratory-related brain
activation has been associated with PASAT deterioration in healthy subjects [5].

2) The trail making test (TMT) A and B [13–15], during which patients were asked to connect a set of
dots as quickly and as accurately as possible (TMT duration varied from 15–20 s for version A to 60–
90 s for version B); the TMT evaluates visuospatial exploration capacity, and cognitive processing
speed (version A), plus attentional flexibility (version B); attentional flexibility alone was evaluated by
subtracting TMT-B time from TMT-A time; respiratory-related brain activation has been associated
with deterioration of TMT-A without effect on TMT-B in healthy subjects [5].

3) Corsi block-tapping test (Corsi) [16], during which patients were asked to mimic an operator tapping a
progressively increasing sequence of up to nine identical cubes either forwards or backwards (Corsi
duration up to 5 min); the Corsi evaluates visuospatial memory, short-term memory (forward) and
working memory (backward). Corsi span was defined as the length of the last successfully reproduced
series. The total crude score corresponded to the sum of the forward and backward spans;

Randomisation

Group 1 (n=4)

"unassisted breathing" condition first (UB)

10 min EEG recording/UB
1. PASAT version A/UB
2. PASAT version B/VS

3. PASAT version A/VS

4. PASAT version B/UB
5. TMT-A and TMT-B/UB
6. Corsi/UB
7. TMT-A and TMT-B/VS

8. Corsi/VS

10 min EEG recording/VS

Group 2 (n=3)

"ventilatory support" condition first (VS)

Inclusion

10 min EEG recording/VS

1. PASAT version A/VS

2. PASAT version B/UB
3. PASAT version A/UB
4. PASAT version B/VS

5. TMT-A and TMT-B/VS

6. Corsi/VS

7. TMT-A and TMT-B/UB
8. Corsi/UB
10 min EEG recording/UB

FIGURE 1 Experimental plan of the study. Tests performed during unassisted breathing (UB) are shown in the
gray italic typeface, and tests performed during ventilatory support (VS) are shown in bold black typeface. EEG:
electroencephalogram; PASAT: paced auditory serial addition test; TMT: trail making test; Corsi: Corsi
block-tapping test.
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respiratory-related brain activation has been associated with maintained Corsi performances in healthy
subjects [5].

The PASAT, but not the TMT or Corsi test, included discrete and brief verbal responses (numbers).
Instructions were provided before each test, and a trial was performed to ensure good understanding of the
instructions and to limit the learning effect.

Statistical analysis
Statistical analyses were performed using Prism 6 (GraphPad Software, Inc., La Jolla, CA, USA). The
variables were expressed as median and interquartile range (Q1–Q3). All analyses were performed using
nonparametric tests (Wilcoxon for paired comparisons, Spearman for correlations). Oxygen saturation
measured by pulse oximetry (SpO2

) data were compared in a “before–after” manner (end of
neuropsychological test versus beginning). Breathing pattern was continuously recorded during the
experiments. Breathing pattern data were compared between baseline conditions (in the absence of
cognitive tasks) and cognitive loading conditions. The recordings obtained during the whole duration of
the cognitive tests were used for analysis and compared to 10 min of baseline recordings. The two-stage
step-up method of BENJAMINI et al. [17] was used to control the false discovery rate (FDR), which was set
up at 5%. Comparisons were considered statistically significant when FDR adjusted p-values, as reported
in Results, were <0.05.

Complementary study in healthy subjects
We compared the effects of acute cognitive loading on breathing pattern and SpO2

in our CCHS patients
with the corresponding effects in healthy individuals who had participated in a previously published study
following the same general methodology [5] and in whom SpO2

data were available.

Results
Patients
Seven patients with CCHS (five women, two men) bearing PHOX2B mutations (20/25 alanine expansion,
n=2; 20/26, n=3; 20/27 expansion, n=2) were studied. Median age was 21 years (range 18 to 39). Median
body mass index was 21.5 kg·m−2 (range 19.2 to 27.8). The ventilatory support interface was a face mask
(six patients) and a tracheotomy (one patient). None of the patients had diaphragm pacing. Two patients were
hypercapnic during unassisted resting breathing at baseline (arterial carbon dioxide tension (PaCO2

) 52 and
49 mmHg, respectively; these two patients had declined). One patient had a cardiac pacemaker, one had
Hirschsprung disease and one had strabismus. No patient had evidence of pulmonary artery hypertension on
cardiac ultrasound. There were no other significant comorbidities. The patients all had low anxiety levels
(State-Trait Anxiety Inventory median state score 26 (23–39.5); median trait score 32 (30–33)). Although not
identified as suffering from cognitive impairment, one patient failed to understand and master the PASAT
(PASAT results therefore pertain to six patients only). Four patients performed the neuropsychological tests
first during unassisted breathing, while three started with the tests under mechanical ventilation.

Baseline neuropsychological performances
The baseline neurocognitive performances of our patients are provided in table 1. They appeared lower
than the performances of normal subjects of comparable age studied in a similar manner [5] (median
PASAT score 36.5 in this study versus 52 in healthy individuals; median TMT-B time 78 s versus 44 s;
total Corsi score 14 versus 21).

Breathing-cognition interferences during unassisted resting breathing
During unassisted resting breathing at baseline, all patients had normal SpO2

(97% (95–98)) in spite of low
VT and minute ventilation (V’E) (VT: 220 mL (150–320)/4 mL·kg−1 (3–6); V’E: 4.50 L·min−1 (2.86–7.52)/
80 mL·min−1·kg−1 (50–90)). A significant drop in SpO2

was noted between the beginning and the end of
each neuropsychological test (PASAT, TMT and Corsi) (figure 2):
• PASAT (A and B pooled, two tests per patient): 97% (96.25–98) to 95% (92–98), p=0.028 (SpO2

decrease in eight out of 12 tests);
• TMT (A and B pooled): 96% (95–98) to 94% (92–96), p=0.028 (SpO2

decrease in six out of seven
patients).

• Corsi: 97% (94.75–98) to 93.5% (91–95.75), p=0.035 (missing data in one patient; SpO2
decrease in

five out of six patients).

Breathing pattern analysis did not detect statistically significant changes in median VT, fB, tI or tE, and TT
(except for a shorter tI during TMT-A, p=0.040). In contrast, significant increases in breath-by-breath
variability were observed (figure 3):
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• increased tI variability during PASAT A and PASAT B (p=0.028 in both cases);
• increased tE variability during PASAT A and B (p=0.028 in both cases), during TMT-B (p=0.008)

and during Corsi (p=0.028);
• increased fB variability during PASAT A and B (p=0.028 in both cases) and during TMT-B

(p=0.028).

The number of apnoeic cycles per minute was significantly higher during the neuropsychological tests
(except for TMT-A) than at baseline (PASAT A and B, p=0.035; TMT-B, p=0.028; Corsi, p=0.04; figure 4).
With a few exceptions, apnoeic cycles were not preceded by sighs. There was a significant correlation
between the number of apnoeic cycles during the neuropsychological tests and the magnitude of the SpO2

decreases observed during the corresponding tests (pooled data; rho=−0.46, p=0.010; figure 5).

Breathing-cognition interferences under ventilatory support
All patients had normal SpO2

under ventilatory support at baseline. In contrast with the observations made
during unassisted breathing, no decreases in SpO2

were observed between the beginning and the end of the
neuropsychological test. As predicted, given the use of controlled ventilatory assistance modes, no
significant changes in ventilatory variables, breathing variability or the number of apnoeas were detected
between baseline and cognitive loading conditions.

TABLE 1 Comparison of neuropsychological tests performed under the unassisted breathing condition and
during ventilatory support

Unassisted
breathing

Ventilatory
support

p-value

PASAT (n=6) (number of correct answers, /60)
Version A 35 (23–50) 38 (27–44) 0.43
Version B 39 (29–47) 38 (28–51) 0.27
Versions A and B 36 (23–52) 38 (25–51) 0.29

TMT (n=7) (in seconds)
Version A 46 (26–49) 34 (29–47) 0.38
Version B 78 (59–123) 87 (55–110) 0.46
B – A 46 (19–74) 53 (13–71) 0.39

CORSI (n=7) (score: number of correct series; span: number
of tapped cubes tapped during the last successful series)
Direct score (forward memory) 10 (9–10) 9 (6–11) 0.23
Indirect score (backward memory) 6 (4–8) 8 (5–9) 0.14
Direct span (forward memory) 6 (6–7) 5 (4–6) 0.5
Indirect span (backward memory) 3 (2–4) 4 (3–6) 0.07
Total 14 (12–18) 18 (11–20) 0.26

Data presented as median (interquartile range). n: number of patients. PASAT: paced auditory serial addition
test; TMT: trail making test; Corsi: Corsi block-tapping test.
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FIGURE 2 Oxygen saturation (SpO2
) at the beginning and end of neuropsychological tests during unassisted breathing. PASAT: paced auditory serial

addition test (six patients performed the test; A and B pooled, n=12); TMT: trail making test (n=7); Corsi: Corsi block-tapping test (all patients
performed the test, but SpO2

measurement failed in one case; n=6). *: p<0.05.
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The results of the neuropsychological tests performed under ventilatory support did not significantly differ
from the results obtained during unassisted breathing (table 1).

Of note, and compatible with the contribution of cortical resources to ventilation in adult CCHS patients
during unassisted breathing [2], the analysis of the EEG recordings showed changes in brain connectivity
between unassisted breathing and ventilatory support, with a median prediction AUC of 0.82 (0.75–0.96)
(prediction AUC above 0.7 in in six out of seven patients, AUC 0.48 in one).

Healthy subjects
SpO2

data were available in 10 of the subjects having participated in a previously published study using the
same methodology [5]. The characteristics of this subgroup were similar to those of the patients with
CCHS (five men, five women; age 22 years (range 20–26); body mass index 22.2 kg·m−2 (range 20.9–
23.3)). SpO2

during resting breathing was 98% (97–98). No change was observed at the end of the PASAT
tests (98% (97–98)), the TMT (98% (98–98)) or the Corsi (97% (97–98)).

Discussion
Breathing-cognition interferences at the expense of breathing
In line with our primary hypothesis, this study showed that acute cognitive loading during unassisted
resting breathing in adult CCHS patients resulted in breathing pattern disruption, with increased
breath-by-breath variability and, most notably, an increased occurrence of apnoeic cycles leading to
oxygen desaturation. This highlights an interference between cognition and breathing at the expense of
breathing. It is highly suggestive of a dual-tasking phenomenon [4] and confirms that the
respiratory-related cortical activity previously described [2] does drive breathing in adult CCHS patients.
Integrating published evidence leads us to believe that, rather than acting on a breath-by-breath basis
(“Ondine’s curse”, which would be contradictory with overlearning-associated cortical automatisation
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FIGURE 3 Breath-by-breath variability (coefficients of variation) of ventilatory variables during unassisted
breathing in baseline condition (10-min recording) and during neuropsychological tests (totality of the recording).
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[18]), this cortical drive consists of tonic excitatory corticospinal inputs depolarising phrenic motoneurons
and facilitating their response to the oscillatory bulbospinal drive [19] (figure 6). Facilitation and
disfacilitation at the spinal level play key roles in the interplay between subcortical and cortical breathing
commands [20–22]. In the context of CCHS, an excitatory descending cortical drive [2] would facilitate
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breathing irregularities and the occurrence of apnoeic cycles. b) Frequency of apnoeas during unassisted breathing in baseline condition (10-min
recording) and during neuropsychological tests (totality of the recording) (apnoeas were defined as breathing cycles with an expiratory time (tE)
above the mean tE measured during unassisted breathing augmented by 3 standard deviations). The boxes represent the 25–75th percentile of the
data with indication of the median, and the whiskers depict the full range of the data. “10 min”: baseline value; PASAT: paced auditory serial
addition test, versions A and B; TMT: trail making test, versions A and B; Corsi: Corsi block-tapping test. *: p<0.05 versus baseline.
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the spinal motoneuronal response to the defective bulbar drive and allow ventilation to be maintained
during wakefulness. Sleep-related disfacilitation would then result in hypoventilation, as would interfering
with the cortical drive through dual-tasking (figure 6). The fact that cognitive loading did not disrupt
breathing under ventilatory support, namely in a situation where a cortical contribution to breathing is not
needed to maintain ventilation, supports the above interpretations, as does the absence of oxygen
desaturation during cognitive loading in normal subjects. It is interesting to note that the residual
ventilation present in PHOX2B mutant mice at birth is characteristically irregular with an abundance of
central apnoeas [23, 24]. This irregularity decreases with development in conditional PHOX2B mutant
mice [24]. If the cortical contribution to breathing shown in humans also existed in mice, this decrease in
breathing irregularity could relate to the growth-related maturation of corticospinal pathways [25–27].

Our observations regarding the effects of cognitive tasks on breathing pattern diverge from those in healthy
adults, which show that acute cognitive loading tends to accelerate breathing and increase ventilation,
possibly in relation with task-induced stress [28]. Our observations also diverge to those reported by SHEA
et al. [29] in five children with CCHS that did not show breathing-cognition interference; however, this
study, which predates gene discovery, is difficult to interpret because of insufficient power to conclude on a
negative result and because it used nonstandard mental tasks for which the results were not reported. In
contrast, the abnormal respiratory response to cognitive loading in our patients is reminiscent of the response
observed in normal children during emotionally neutral video gaming, consisting of prolonged tE and
slowed-down breathing [30]. Hypothetical explanations for our findings could include maturation-related
factors and/or a low sensitivity to task-induced stress, in line with the low trait anxiety levels in our patients.

Lack of improvement in cognitive performances under ventilatory support
Our secondary hypothesis, i.e., that cognitive performance would improve under ventilatory support (as
reported by SHARMAN et al. [3]) is not supported by our overall results. One possible explanation could be
that ventilatory support failed to free the necessary cortical resources. In view of the connectivity changes
evidenced by the EEG analyses, we believe that this is unlikely. Another explanation would be that our
patients had fixed neurocognitive impairments that they could not improve upon (ceiling effect). Such a
mechanism would be in line with the low test scores that our patients exhibited at baseline, most likely in
line with the known association of CCHS with neurocognitive deficits affecting a wide range of functions
including processing speed and working memory [31–34]. Of note, some of our patients did perform
markedly better under mechanical ventilation than during unassisted breathing (improved PASAT in two
patients: from 38 to 53 and 50 to 59; improved Corsi in two patients: from 12 to 20 and from 11 to 18).
This raises the possibility of individual differences with respect to the breathing-cognition interactions. In
other words, breathing and cognition may interfere at the expense of the breathing pattern, cognitive
performance, or both, depending on the priority given to one or the other activity. This priority could
differ between patients and could also vary over time in a given patient.
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FIGURE 5 Correlation between decreases in oxygen saturation measured by pulse oximetry (SpO2
) from baseline

to the end of neuropsychological tests and number of apnoeas per minute during tests completion (pooled
data: PASAT A n=6, PASAT B n=6, TMT-A and TMT-B in sequence n=7, Corsi n=6–7 patients performed the test,
but SpO2

failed in one case). PASAT: paced auditory serial addition test; TMT: trail making test; Corsi: Corsi
block-tapping test.
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Study limitations
The main limitation of our study is the small number of patients, reflecting the very rare nature of the
disease and the relative complexity of the experimental setup. The patient population in this research
represents one third of the known adult CCHS population nationwide at the time of the study in France.
The study must therefore be considered a pilot, and more data will need to be collected using simpler
designs. In particular, we could not study putative relationships between breathing-cognition interferences
and genotypic and phenotypical characteristics (e.g. severity of hypoventilation or chemosensitivity
blunting), which warrants further investigation. As a second limitation, we only assessed changes in
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FIGURE 6 Schematic representation of the cortical facilitation theory of the neural drive to breathe, depicting the interactions between bulbospinal
and corticospinal inputs on spinal respiratory motoneurons during: a) sleep in normal humans; b) wakefulness in normal humans; c) wakefulness
in patients with central congenital hypoventilation syndrome (CCHS); d) sleep in patients with CCHS; e) acute cognitive load in patients with CCHS.
From top to bottom, the horizontal bands correspond to 1: activation of respiratory-related cortical networks and intensity of corticospinal
respiratory output (purple arrows); 2: status of the respiratory central pattern generators in the brainstem (normal: solid circle; defective: blurred
circle) and intensity of the bulbospinal respiratory output (red arrow); 3: membrane potential (FT: firing threshold; EEMP: end-expiratory membrane
potential) and firing rate (AP: action potentials) of respiratory spinal motoneurons; 4: net neural drive to breathe (bulbospinal contribution in red,
corticospinal contribution in purple); 5: breathing pattern. In band 3, the vertical red double arrows represent the difference between
end-expiratory membrane polarity and firing threshold that must be cancelled by the bulbospinal respiratory output for inspiration to occur (red
dotted line). The vertical purple double arrows depict the effects of cortical facilitation. The presence of a corticospinal input to spinal respiratory
motoneurons raises their membrane potential closer to the firing threshold, making a given bulbospinal output more efficient at producing
ventilation (facilitation; column b versus a). In patients with CCHS during wakefulness (column c), the decreased bulbospinal output resulting from
the PHOX2B mutation deleterious impact on central respiratory pattern generators is “compensated” by increased activation of a
respiratory-related cortical network [1]. The absence of this corticospinal input during sleep (column d) can explain (and in any case contributes
to) sleep-related hypoventilation. According to this cortical facilitation theory of the neural drive to breathe, the observations of the present study
(breathing pattern disorganisation during cognitive loading, with correlation to desaturations) could relate to cognitive loading reducing the
cortical resources available for breathing through a dual-tasking effect (column e).

https://doi.org/10.1183/23120541.00408-2022 9

ERJ OPEN RESEARCH ORIGINAL RESEARCH ARTICLE | J. TAYTARD ET AL.



alveolar ventilation through changes in SpO2
. It was indeed impossible to measure the end-tidal partial

pressure in carbon dioxide during unassisted breathing in our setup; the time dynamics involved would
have made transcutaneous measures unreliable, and arterial puncture would not have been acceptable for
the patients. The impact of breathing pattern disruptions on SpO2

that we observed could appear surprising,
but our patients had very low VTs (median of 4 mL·kg−1), which is consistent with paediatric data, and,
consequently, high dead space volume (VD) to VT ratios (VD/VT). Owing to the hyperbolic nature of the
PaCO2

–VD/VT relationship, small falls in VT lead to sharp rises in PaCO2
when VD/VT is high: the alveolar

gas equation indicates that this should be associated with corresponding decreases in oxygenation. A third
limitation is the lack of definitive mechanistic explanations, in the absence of functional magnetic
resonance imaging data similar to that provided by SHARMAN et al. [3]. Nevertheless, the change in the
breathing-cognition interaction under ventilatory support as compared to unassisted breathing, and
concomitant EEG connectivity changes, supports a dual-task mechanism.

Implications and perspectives
The aetiology of neurocognitive deficits in CCHS is largely unknown and may relate to genetic factors
(even though PHOX2B is not expressed above the pons nor in the cerebellum) or to ventilation-related
factors [34]. Acute experimental hypoxia severely impairs performance and task learning across several
neurocognitive domains [35], and the hypoxia-reoxygenation induced systemic oxidative stress can be
deleterious [36]. Our study suggests that such hypoxia-reoxygenation episodes could be very frequent in
CCHS patients, would they occur each time that cognitive resources have to be mobilised. This could
result in, or worsen, cognitive deterioration. Starting in infancy, this phenomenon could result in, or
worsen, neurodevelopmental impairment.

For these reasons, we believe that our study is clinically relevant. Indeed, the occurrence of arterial oxygen
desaturation during acute cognitive loading in adult CCHS patients breathing unassisted and the lack of
such events when cognitive loading takes place under ventilatory support justify considering the use of
ventilatory support during mental tasks in CCHS patients who otherwise do not receive mechanical
ventilation during wakefulness. This ventilatory support can be personalised through an evaluation of
breathing-cognition interactions during neuropsychological testing, a possibility that we have introduced at
our centre.

We acknowledge the study limitations and the need for corroboration and more mechanistic knowledge.
Meanwhile, in clinical practice, it appears reasonable to propose that adult patients with CCHS check their
SpO2

during prolonged and intense cognitive tasks and seek medical advice regarding ventilatory assistance
in the event of related desaturations. This message is crucial to convey to the CCHS community,
particularly in view of the additional burden for patients with CCHS and their families that would result
from ventilator support during cognitive tasks.
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