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Appl Physiol 116: 439 – 450, 2014. First published December 31,
2013; doi:10.1152/japplphysiol.01310.2013.—Congenital central hypoventilation syndrome (CCHS) is a neurodevelopmental disorder
characterized by life-threatening hypoventilation, possibly resulting
from disruption of central chemosensory integration. However, animal models suggest the possibility of residual chemosensory function
in the human disease. Cardioventilatory function in a large cohort with
CCHS and verified paired-like homeobox 2B (PHOX2B) mutations
was assessed to determine the extent and genotype dependence of any
residual chemosensory function in these patients. As part of inpatient
clinical care and evaluation, 64 distinct studies from 32 infants,
children, and young adults with the disorder were evaluated for
physiological response to three different inspired steady-state gas
exposures of 3 min each: hyperoxia [100% oxygen (O2)]; hyperoxic
hypercapnia [95% O2 and 5% carbon dioxide (CO2)]; and hypoxic
hypercapnia [14% O2 and 7% CO2 balanced with nitrogen (N2)].
These were followed by a hypoxia challenge consisting of five or
seven breaths of N2 (100% N2). In addition, a control group of 15
young adults was exposed to all but the hypoxic challenge. Comprehensive monitoring was used to derive breath-to-breath and beat-tobeat measures of ventilatory, cardiovascular, and cerebrovascular
function. On average, patients showed a residual awake ventilatory
response to chemosensory challenge, independent of the specific
patient PHOX2B genotype. Graded dysfunction in cardiovascular
regulation was found to associate with genotype, suggesting differential effects on different autonomic subsystems. In addition, differences
between cases and controls in the cerebrovascular response to chemosensory challenge may indicate alterations in cerebral autoregulation. Thus residual cardiorespiratory responses suggest partial preservation of central nervous system networks that could provide a
fulcrum for potential pharmacological interventions.
congenital central hypoventilation syndrome; ventilatory challenge;
PHOX2B

syndrome (CCHS) is a
genetic neurodevelopmental disorder with alveolar hypoventilation as a hallmark symptom. Whereas this hypoventilation is
most prominent during sleep, inadequate, spontaneous waking
ventilation is also common and is thought to be the result of a
reduced chemosensory response to hypoxia and hypercapnia.
This deficit has been characterized clinically and experimentally by muted, absent, or delayed responses to exogenous
ventilatory gas challenges (12, 37, 45, 61). The disease is
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caused by a mutation in the paired-like homeobox 2B
(PHOX2B) gene (4p12), most commonly entailing heterozygous expansions of a normal, 20-alanine repeat sequence (4,
45, 62). Among these polyalanine repeat mutations (PARMs),
the majority consists of five to seven extra alanines, designated
20/25, 20/26, and 20/27, although the range is 20/24 –20/33 (7,
62). Less than 8 –10% of CCHS cases have other alterations of
the PHOX2B gene, termed non-PARMs, which can include
point mutations or deletions that encompass the entire gene
locus (7). The CCHS genotype has been shown to correlate
with increasing disease severity in measures of autonomic
dysregulation, pupillary response, neural crest tumor incidence, ventilator dependence, and comorbid Hirschsprung disease (5, 33, 37, 54, 62).
Whereas several loci for central chemosensory integration
are likely to exist in mammals (40), extensive evidence from
rodent models has tied a medullary region, known as the
retrotrapezoid nucleus (RTN) (48) or alternately, the parafacial
respiratory group (pFRG), to both chemosensory response and
PHOX2B mutations (1–3, 19, 20, 24, 52, 54, 56). However, the
crucial mechanistic link among PHOX2B, the RTN/pFRG, and
CCHS has not been confirmed [but see Rudzinski and Kapur
(47) and Lavezzi et al. (27)]. Nonetheless, a conditional
knockin mouse model, in which a human 20/27 version of the
gene is spatially localized to this region, reproduces the human
phenotype with the most fidelity, despite not directly modeling
the important role of PHOX2B in neurodevelopment. Unlike
the constitutive knockin of the same mutation (19), these mice
survive the neonatal period and exhibit a chemosensory deficit
that normalizes with age, suggesting either residual RTN/
pFRG function or compensatory peripheral mechanisms (46).
We analyzed 64 distinct, comprehensive physiological recordings from 32 unique CCHS patients (and 15 healthy
controls) during awake ventilatory gas challenges, with participants seated and engaged in quiet activity. We hypothesized
that CCHS patients would respond with attenuated changes in
ventilatory, cardiovascular, and cerebrovascular parameters
and that the ventilatory and cardiovascular phenotype in CCHS
would show a graded deficit correlated with polyalanine repeat
length for the most common PHOX2B PARM genotypes.
Some of the results of the current study have been reported
previously in the form of abstracts (9 –11, 32).
MATERIALS AND METHODS

Study Subjects
The patient population was drawn from clinical practice at the
Center for Autonomic Medicine in Pediatrics (CAMP) at Ann &
Robert H. Lurie Children’s Hospital of Chicago. These individuals
receive comprehensive in-patient evaluation, which includes assessing
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awake respiratory control using ventilatory gas challenges. Youngadult controls were recruited through word of mouth among associates
of CAMP. Permission and approval to review and reanalyze physiological and clinical data and to recruit and test control participants was
obtained through the Institutional Review Board (IRB) at Lurie
Children’s Hospital. None of the patients with CCHS were receiving
any medications that might impact breathing (including oral contraceptives).
Demographics
The average age of the 32 CCHS cases was 9 years 9 mo (range:
8 mo–29 years 2 mo; 26 girls/women) and 23 years 8 mo for the 15
controls (range: 18 years 1 mo–26 years 0 mo; nine women).
Test Conditions and Physiologic Recording Montage
For CCHS cases, ventilatory gas challenges were conducted 1–2
days after admission, during early to mid-morning hours. Study
subjects (including controls) were seated throughout the testing and
engaged in quiet activities. They were monitored continuously with
comprehensive physiological recording, including respiratory inductance plethysmography of the chest and abdomen, ECG, air-flow
pneumotachography, end-tidal carbon dioxide (EtCO2) waveform and
numeric signals, oxygen saturation pulse waveform and numeric
measures (SpO2), cerebral near-infrared spectroscopy (cNIRS), and
blood pressure (BP). Beat-to-beat BP was typically recorded for
patients who had large enough hands for accurate readings with the
Finapres Medical Systems (Amsterdam, The Netherlands) device
(starting at ⬃7 years old; 37 of 64 total trials).
Gas Delivery and Ventilation
All but five CCHS patients were ventilated during the challenges
via tracheostomy, with challenge gases flowing through an LTV 1200
ventilator (CareFusion, San Diego, CA). Patients without tracheostomy and all controls were supported via mask for the challenges.
Subjects were not informed when gas changes were administered or of
the composition of the gases, although noises associated with ventilator flow changes could not be avoided. For CCHS patients, minimal
ventilatory support was used to allow testing, even in cases where
spontaneous daytime ventilation was typically inadequate to maintain
normal blood gas values. This support typically included positive
end-expiratory pressure and pressure support in the synchronized
intermittent mandatory ventilation mode. Five patients required respiratory-rate support and pressure control during challenges, so results
from these patients were excluded from the analysis of hyperoxia
trials because of the inability to evaluate the expected respiratory
depression. To compensate for the additional dead space entailed by
the ventilatory circuit, controls received 5 cm water-pressure support.
Clinical Ventilatory Gas-Challenge Protocol
Challenges were administered in a block design starting with
hyperoxia (100% O2), then hyperoxic hypercapnia (95% O2 and 5%
CO2), followed by hypoxic hypercapnia [14% O2 and 7% CO2
balanced with nitrogen (N2)]. These challenges were followed (in
cases only) by a hypoxic challenge, consisting of five tidal breaths of
100% N2; a seven-breath challenge was performed if an inadequate
drop in SpO2 (⬎90%) was elicited. Each 3-min gas-challenge epoch
was preceded by a 3-min baseline period and followed by a 3-min
recovery period. Thirty-two unique CCHS patients were tested, of
whom, 18 were followed across several clinical admissions, producing a total of 64 distinct studies.
Waveform Analysis and Statistics
Physiological waveforms and event notes were imported and analyzed in MATLAB using custom software. All signals were reviewed
and cleaned on a breath-by-breath/beat-to-beat basis. Physiological
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metrics at baseline, during challenges, and during recovery epochs
were analyzed on a variety of dimensions. Ventilatory parameters,
derived from the pneumotach flow signal included: minute ventilation
(VE; normalized to body weight); respiratory frequency (f); tidal
volume (VT; normalized to weight); respiratory interval (TTot; or 1/f);
inspiratory interval (TI); expiratory interval (TE); inspiratory drive
(Drive; VT/TI; also known as mean inspiratory flow); and inspiratory
duty cycle (DC; TI/TTot). Heart rate (HR) was estimated through
resampling (at 10 Hz) of time elapsing between two consecutive R
waves in the ECG (R-to-R intervals) series, derived from artifactcleaned ECG waveforms. SpO2, BP, and cNIRS signals were cleaned,
resampled, and time synched with other waveforms for simultaneous
analysis. Physiological response over time was analyzed in 10-s time
bins with a mixed linear model for difference from baseline (␣ ⫽
0.05, corrected for multiple comparisons; illustrated as mean ⫾ SE;
case/control comparison, Wilcoxon rank sum with ␣ ⫽ 0.005, uncorrected). Case vs. control group median comparisons were done for
each time bin (Wilcoxon rank sum with ␣ ⫽ 0.005, uncorrected for
multiple comparisons). To exclude onset and offset transients, average
responses to challenges were calculated from 30 s after the challenge
began to 30 s after return to room air. Unless otherwise noted,
response parameters are summarized as the average of values in these
time bins. HR and time/frequency variability (HRV) metrics were
calculated using standard methods and included: SD of normal R-to-R
intervals (SDNN); HR very low frequency variability (VLF; 0.003–
0.04 Hz), normalized to total root mean square; normalized low
frequency HR variability (LF; 0.04 – 0.15 Hz); normalized respiratory
frequency HR variability (RF; a bandwidth of 0.11 Hz, centered on
the observed respiration rate for the epoch); and the ratio of LF to RF
(LF:RF). These metrics were then evaluated for group median differences between cases and controls (using the Wilcoxon rank sum with
␣ ⫽ 0.005, uncorrected for multiple comparisons), for group median
differences by genotype (using the Wilcoxon rank sum with ␣ ⫽ 0.05,
corrected), and for linear PHOX2B genotype-phenotype relationships
by nonparametric correlation (Kruskal-Wallis, ␣ ⫽ 0.05).
Chemosensory Sensitivity Analysis
To assess the sensitivity of ventilatory parameters to changes in
EtCO2 and peripheral oxygenation, breath-to-breath metrics during
gas application and recovery from the two hypercapnic challenges
were compiled and fit with linear models. Scatter plots of ventilation
against EtCO2 often showed threshold behavior (see Fig. 6A), so a
piecewise linear model was used, assuming a null-response region
with zero slope and an inflection to a linear response region. The
inflection point, comparable with the ventilatory recruitment threshold
(21), was estimated by exhaustive search for the split point producing
the maximum coefficient of determination (R2) value. Since the
piecewise model was constrained to two parameters, it was compared
with linear regression (also a two-parameter model) over the full
domain, and the latter was kept when it provided a better fit (see Fig.
6Ai). Where possible, metrics were regressed against both CO2 and
O2, providing sensitivity slopes (above the ventilatory recruitment
threshold) simultaneously to both predictors (see Fig. 6Aii). For trials
in which O2 values varied only slightly (⬍3%), convergence was
often poor, so only CO2 was included in these regression models.
(Notably, the poor convergence meant that O2 could not be used as a
predictor for responses from eight of the control subjects.)
RESULTS

Physiologic Response to the Exogenous Challenges
EtCO2 and SpO2 responses. EtCO2 and SpO2 responses for
the four challenges are shown in Fig. 1. Hyperoxia drove
saturation toward 100% in cases with CCHS, whereas EtCO2
remained elevated in CCHS compared with controls during the
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Fig. 1. Respiratory gas measurements during ventilatory challenges and recovery for 4 different mixtures. Oxygen saturation (SpO2) and end-tidal carbon dioxide
(EtCO2) are shown for each panel as subpanels i and ii, respectively. In the hyperoxic challenge (A), 100% O2 was administered. Hyperoxic hypercapnia (B)
consisted of 95% O2 and 5% CO2, whereas in the hypoxic hypercapnia challenge (C), a mix of 14% O2 and 7% CO2 was used. The hypoxic challenge consisted
of 5 or 7 tidal breaths of nitrogen (N2; D). Measurements in congenital central hypoventilation syndrome (CCHS) cases are indicated as green 䊐 with crossbars
at mean ⫾ SE, whereas controls are shown as pink Œ with crossbars. Significant changes from baseline are indicated with filled markers above each data panel
(green  for CCHS; pink  for controls). Significant differences between CCHS and controls for each time point are indicated by yellow }. Transparent
background lines illustrate per-subject raw data.

challenge (Fig. 1 and Table 1). Hyperoxic hypercapnia generated similar O2 and CO2 profiles in both cases and controls
(Fig. 1B and Table 1), although controls reached their EtCO2
steady state more quickly. For the combined challenge (hypoxic hypercapnia), peripheral O2 responses were dramatic in
CCHS cases, dropping to a steady-state average of 93.2 ⫾
0.5% (Fig. 1C and Table 1). EtCO2 responses in CCHS
patients showed an abrupt onset followed by a slow ramping
increase, whereas controls maintained steady state after the
initial onset (see Fig. 3Cii). For the hypoxia challenge (which
included only CCHS cases), SpO2 fell transiently to an average
nadir of 72.24 ⫾ 2.92%, 20 –50 s after N2 breathing began,
whereas EtCO2 showed a small decrease (see Fig. 1D and
Table 1).
Hyperoxia. The changes in respiratory parameters during
100% O2 were subtle and variable in both CCHS cases and in
controls (Fig. 2A and Table 1). Differences in the temporal
pattern of the response were only significant for sporadic
epochs for ventilatory variables (Fig. 2A), although there was
an overall difference in steady-state DC between cases and
controls (Table 1; P ⬍ 0.005). HR was depressed during this
challenge, weakly in CCHS cases (Fig. 3Ai and Table 1) and
somewhat more profoundly in controls (P ⬍ 0.005 for the
case-control comparison), whereas this challenge provoked a
significant increase in SDNN in CCHS (P ⬍ 0.005). cNIRS
values were driven higher by hyperoxia in CCHS cases than in
controls (P ⬍ 0.005; Fig. 3Aiii and Table 1).
Hyperoxic hypercapnia. On average, VE increased weakly
over baseline in 95% O2 with 5% CO2 in CCHS patients,
whereas the increase in controls was larger on average (P ⬍
0.005), although with considerable variability within the cohort
(Fig. 2Bi and Table 1). Respiratory rate showed little change
from baseline in CCHS or in controls nor did the responses
differ between the groups (Fig. 2Bii and Table 1). Thus the
increase in VE was the result of slight increases in VT in CCHS
compared with larger changes in controls (P ⬍ 0.005; Fig.
2Biii and Table 1). Similarly, Drive increased slightly in

patients and more dramatically in controls (P ⬍ 0.005; Table
1). Compared with changes in controls, CCHS patients showed
little alteration of respiratory-phase timing, with TE decreasing
slightly in patients but increasing in controls (P ⬍ 0.005; Table
1). HR (Fig. 3Bi and Table 1) and mean BP (MBP) responses
were similarly variable in both groups, although a slow increase in BP was seen (Fig. 3Bii and Table 1). The challenge
provoked a similar increase in SDNN in both CCHS patients
and controls (Table 1). The change from baseline in frequency
domain HRV measures for LF and LF:RF was different between CCHS and controls during this challenge (P ⬍ 0.005 for
both; Table 1), whereas the increase in cNIRS in this challenge
was nearly identical between CCHS cases and controls (Fig.
3Biii and Table 1).
Hypoxic hypercapnia. The combined challenge, including
low O2 (14%) and high CO2 (7%), produced the most dramatic
changes in ventilatory parameters in both CCHS cases and in
the healthy controls (Fig. 2C and Table 1). Overall, VE increased moderately in CCHS and dramatically in controls (P ⬍
0.005; Fig. 2Ci). In cases, this was the result of mild increases
in VT and respiratory rate, whereas controls took deeper
breaths (P ⬍ 0.005; Fig. 3C, ii and iii, and Table 1). Drive was
increased weakly in CCHS cases (Table 1) and more elevated
in controls (P ⬍ 0.005). The increased respiratory rate in
CCHS was largely due to alterations in TE (Table 1), producing
a slight increase in DC (P ⬍ 0.005; Table 1). Whereas f was
largely unchanged, on average, in controls, a shift toward
longer TE (Table 1) produced a reduced DC (P ⬍ 0.005). Thus
the effect of this change was to produce divergent changes in
DC between cases and controls. This combined challenge also
produced an early acute HR increase in controls, with a
ramping increase in CCHS cases (Fig. 3Ci). MBP responses
were similarly slow ramping in both CCHS and controls (Fig.
3Cii and Table 1). Frequency domain HRV measures LF, RF,
and LF:RF were dramatically different from baseline in controls but not in cases (Table 1), and case-control differences were
significant (P ⬍ 0.005). In CCHS cases, cNIRS was transiently
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All measures are listed as mean percent change from baseline (⫾SE), except oxygen saturation (SpO2), which is listed in absolute percent units, and end-tidal carbon dioxide (EtCO2), which is in absolute
units of mmHg. Means are taken from between 30 s of gas application and 30 s after return to room air, except for the hypoxia challenge, in which values are averages of between 20 and 50 s into the challenge.
CCHS, congenital central hypoventilation syndrome; Sig., significance of case-control comparison; NS, nonsignificant; VE, minute ventilation; f, respiratory frequency; VT, tidal volume; Drive, inspiratory
drive; TI, inspiratory interval; TE, expiratory interval; DC, inspiratory duty cycle; HR, heart rate; SDNN, SD of normal time elapsing between 2 consecutive R waves in the ECG; MBP, mean blood pressure;
VLF, very low frequency HR variability; LF, low frequency HR variability; RF, respiratory frequency HR variability; LF:RF, ratio of LF to RF; cNIRS, cerebral near-infrared spectroscopy. Boldface represents
comparison with baseline, significant at P ⬍0.005. Highlights represent case-control comparison, significant at P ⬍0.005.

Ventilatory
SpO2
EtCO2
VE
f
VT
Drive
TI
TE
DC
Cardiovascular
HR
SDNN
MBP
VLF
LF
RF
LF:RF
Cerebrovascular
cNIRS

Measure

Hyperoxia

Table 1. Nominally steady-state responses to ventilatory challenges in CCHS and a comparison group in ventilatory, cardiovascular, and cerebrovascular
measures
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Fig. 2. Ventilatory response to 3 distinct ventilatory gas challenges: hyperoxia (A), hyperoxic hypercapnia (B), and hypoxic hypercapnia (C) during gas exposure
(left) and recovery (right). Metrics are: weight-normalized minute ventilation (VE; row i), respiratory frequency (f; row ii), weight-normalized tidal volume (VT;
row iii), and inspiratory duty cycle (DC; row iv). CCHS cases are indicated as green 䊐 with crossbars at mean ⫾ SE, whereas controls are shown as pink Œ with
crossbars. Significant changes from baseline are indicated with filled markers above each data panel (green  for CCHS; pink  for controls). Significant
differences between CCHS and controls for each time point are indicated by yellow }. Transparent background lines illustrate per-subject raw data.

reduced during this challenge and then drifted back toward baseline values (Fig. 3Ciii and Table 1). At the same time, controls
exhibited a ramping increase in cNIRS during the challenge (Fig.
3Ciii and Table 1). The recovery phase produced an increase in
cNIRS above baseline in CCHS cases, which intersected with
declining values in controls, with both showing a slow return to
baseline levels (Fig. 3Ciii).
Hypoxia. The response to five or seven breaths of 100% N2
was assessed in CCHS patients only (Figs. 4 and 5 and Table
1). Subtle changes in the average response of the cohort were
apparent (Fig. 4A). Slight increases in f (Fig. 4B), Drive (Table
1), and VE were significant compared with baseline. On average, HR briefly increased (Fig. 5A and Table 1), and BP
showed varied and inconsistent changes (Fig. 5B) relative to
baseline. The cNIRS response included an acute depression
followed by a slower return to baseline values (Fig. 5C).

Chemosensitivity Slopes
Physiological sensitivity to chemosensory stimulus was assessed by calculating response slopes using the piecewise
linear method described above (Fig. 6). The classic chemosensory sensitivity parameter, VE slope, change in weight-normalized VE/unit change in EtCO2 (⌬VE/⌬CO2), tended to be
higher in some CCHS patients at younger ages but reduced in
the early to mid-teens (Fig. 6Bi). Values for controls were
generally higher than those for similarly aged cases (although
few in number). The ventilatory recruitment threshold, estimated from the fitting procedure as the inflection point producing the best fit (based on R2), was higher in CCHS than in
controls (52.0 ⫾ 1.0 vs. 43.2 ⫾ 1.7 mmHg; P ⬍ 0.005). In
CCHS, there was a biphasic sensitivity of respiratory rate on
CO2 over age (Fig. 6Bii). CO2 slopes for VT tended to be

J Appl Physiol • doi:10.1152/japplphysiol.01310.2013 • www.jappl.org

444

Residual Chemosensory Response in CCHS

Hyperoxia

Hyperoxic
Hypercapnia

Recovery

•

Carroll MS et al.

Bi

Ai

Hypoxic
Hypercapnia

Recovery

Recovery

Ci

20%

10%
HR

20%
0%
0%
0%

ii

ii

ii

MBP

20%
20%

10%
0%

0%

0%

cNIRS

iii

iii

iii

20%

10%

10%
0%
0%

0%
0

50

100 150 0
Time (s)

50

100

0

50

100 150 0
Time (s)

50

100

0

50

100 150 0
Time (s)

50

100

Fig. 3. Cardiovascular and cerebrovascular response to 3 distinct ventilatory gas challenges: hyperoxia (A), hyperoxic hypercapnia (B), and hypoxic hypercapnia
(C) during gas exposure (left) and recovery (right). Metrics are heart rate (HR; row i), mean blood pressure (MBP; row ii), and cerebral near-infrared spectroscopy
(cNIRS; row iii). CCHS cases are indicated as green 䊐 with crossbars at mean ⫾ SE, whereas controls are shown as pink Œ with crossbars. Significant changes
from baseline are indicated with filled markers above each data panel (green  for CCHS; pink  for controls). Significant differences between CCHS and controls
for each time point are indicated by yellow }. Transparent background lines illustrate per-subject raw data.

variable in young cases and to decrease with advancing age,
whereas values for most controls were greater than almost all
cases (Fig. 6Biii). There were no obvious correlations between
PHOX2B genotype and ventilatory sensitivity parameters, at
least given the variability due to age.
Genotype-Phenotype Correlations
Whereas ventilation variables did not show robust genotypephenotype correlations during baseline or challenge epochs,
HRV metrics exhibited evidence of a graded relationship
among the alanine lengths of the three most common PHOX2B
PARMs (20/25, 20/26, and 20/27) and physiological measures
of phenotype. Figure 7 illustrates HRV metrics in absolute
values during baseline epochs and the percent change from
baseline during the hypoxic hypercapnia challenge among
controls and the three most common PHOX2B PARM genotypes. HR, during baseline epochs, was higher in CCHS than in
controls (98.6 ⫾ 34.3 and 71.6 ⫾ 10.1, respectively; P ⬍
0.005; Fig. 7A), although there was no clear stratification by
the PHOX2B genotype. Nonetheless, a correlation did appear
in response to the challenge, with longer alanine repeats
associated with more limited change from baseline values (Fig.
7A). At baseline, SDNN was lower in CCHS than in controls
(33.7 ⫾ 19.3 vs. 56.6 ⫾ 35.4; P ⬍ 0.005; Fig. 7B), but there
was an inverse genotype-phenotype correlation in this metric in

response to challenge, with longer repeats in CCHS associated
with a response similar to controls (Fig. 7B). However, intergroup PHOX2B genotype variability was well within the distribution of the controls for this metric.
Some frequency domain measures (as a fraction of total
power) also showed differences between CCHS and controls,
along with evidence of linear genotype-phenotype relationships. In grouped baseline data, VLF was higher in cases
(6.2 ⫾ 1.5 ⫻ 10⫺3 vs. 3.8 ⫾ 0.9 ⫻ 10⫺3; P ⬍0.005; Fig. 7C),
and the difference was enhanced with longer PARMs (Fig. 7).
RF relative amplitude was lower in CCHS than controls at
baseline (7.3 ⫾ 3.1 ⫻ 10⫺3 vs. 13.1 ⫾ 4.5 ⫻ 10⫺3; P ⬍0.005;
Fig. 7E), with a significant linear correlation to genotype.
Similarly, the ratio of LF to RF was higher in cases than in
controls during baseline epochs (3.07 ⫾ 1.94 vs. 1.66 ⫾ 1.94;
P ⬍0.005; Fig. 7F), with increasing ratios associated with
20/26 and 20/27 genotypes. For cNIRS, baseline values are not
interpretable (due to lack of absolutely calibrated units), and
genotype-phenotype correlations were not significant for the
relative challenge response (data not shown).
DISCUSSION

The data presented in this study comprise the first comprehensive chemosensory evaluation of a large cohort of individuals with PHOX2B mutation-confirmed CCHS. By providing
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during baseline epochs has not been seen in earlier studies of
a similar metric [low:high frequency (HF) ratio] in baseline
waking conditions. Woo et al. (63) found similar waking
LF:HF values between controls and children with clinically
defined CCHS, whereas Diedrich et al. (16) found LF:HF
values lower than published norms in a single case of mutationconfirmed adult-onset CCHS.
In general, a 3-min, 100% O2 step stimulus after equilibration in room air (as included in this study) is expected to
produce ventilatory depression in healthy humans (8, 13, 17,
18), although studies of waking subjects within the age range
studied here are rare. Nonetheless, detection of the effects of
hyperoxic challenges can be subtle enough to depend on minor
methodological differences. For example, Gozal et al. (23)
found no significant depression in five clinically identified
CCHS cases or matched controls when applying one type of
analysis but found a significant depression in both groups using
a different method. A significant reduction in VE during the
hyperoxic challenge was not seen in our cohort of genetically
identified CCHS cases, although a subtle reduction was noted
in our comparison control group. In previous research, the
temporal pattern of respiratory rate changes in hyperoxia was
shown to vary between 12 CCHS cases (clinically defined) and
controls in a 2-min hyperoxia challenge (28), with differing
immediate and late responses. No such features were noted in
our data. Consequently, we do not consider the hyperoxia
challenge to be adequately discriminating to include in clinical
exogenous ventilatory challenges, except to confirm the absence of respiratory depression if supplemental O2 is provided.
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Fig. 4. Respiratory response to 5 or 7 tidal breaths of 100 N2 (at time ⫽ 0), as
assessed with: VE (A), f (B), VT (C), and DC (D). CCHS cases are shown as
green 䊐 with crossbars at mean ⫾ SE. Significant changes from baseline are
indicated with filled markers (green ) above each data panel. Transparent
background lines illustrate per-subject raw data.
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minimal ventilatory support, we were able to assess patients
along the full functional range of the disorder (those needing
artificial ventilation awake and asleep, as well as those requiring support during sleep only) and determine how ventilatory,
cardiovascular, and cerebrovascular parameters respond to
chemosensory challenge during wakefulness. Although our
results have the advantage of CCHS confirmation by PHOX2B
genetic testing, they are broadly consistent with previous
studies of pediatric CCHS, as well as those that have characterized baseline ventilation and chemosensory responses in
healthy children (22, 23, 35, 49). Similarly, our baseline
cardiovascular findings for CCHS have antecedents in earlier
studies (16, 50, 51, 58), where elevated HR and normal BPs
had been noted [however, see also Trang et al. (57)]. In our
assessment of resting HRV, the finding of lower SDNN has
been noted previously in some (16, 50), although not all (63),
studies. Our finding of elevated VLF amplitude in CCHS is
novel, although the source of this slow instability is unclear,
and previous studies have not addressed this range of frequencies. Our finding of lower HRV in the respiratory frequency
(RF) band in CCHS is consistent with previous studies using
similar metrics of respiratory sinus arrhythmia as measures of
parasympathetic tone (16, 57, 58, 63). The increase in LF:RF
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Fig. 5. Cardiovascular and cerebrovascular response to 5 or 7 tidal breaths of
100 N2 (at time ⫽ 0), as assessed with: HR (A), MBP (B), and cNIRS (C).
CCHS cases are shown as green 䊐 with crossbars at mean ⫾ SE. Significant
changes from baseline are indicated with filled markers (green ) above each
data panel. Transparent background lines illustrate per-subject raw data.
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Fig. 6. Ventilatory and cardio/cerebrovascular response sensitivity to gas challenge, as characterized by slope values for variables against EtCO2 during
hypercapnic challenges. A: the sensitivity estimation method is illustrated, where an example data set of breath-to-breath VE is shown against EtCO2 (Ai). The
ventilatory response threshold is estimated with piecewise linear regression, and regression slopes are calculated from the restricted range (i.e., above the
ventilatory recruitment threshold). Sensitivities to CO2 and O2 are estimated simultaneously, as illustrated in Aii, using bivariate regression. Ventilatory sensitivity
variables are: change in weight-normalized VE/unit change in EtCO2 (⌬VE/⌬CO2; Bi), change in f/unit change in CO2 (⌬f/⌬CO2; Bii), and change in
weight-normalized VT/change in CO2 (⌬VT/⌬CO2; Biii). Markers (䊐 with crossbars, girls/women; Œ with crossbars, boys/men) indicate slope, with vertical bars
indicating 5% confidence bounds. Genotypes are: orange, CCHS 20/25; yellow, CCHS 20/26; purple, CCHS 20/27; green, 20/33; aqua, nonpolyalanine repeat
mutations; blue, paired-like homeobox 2B deletion; and black, controls. Background line segments connect repeated trials, and lighter shades indicate confidence
bounds spanning 0.0 (not significant for ␣ ⫽ 0.05).

In comparison with our young-adult controls, patients with
CCHS (as a group) showed a modest but statistically detectable
response to 5% CO2 and 95% O2 in VE and VT, with divergent
respiratory phase-timing responses. One previous study in a
small cohort with the same gas mixture (although using the
rebreathing method) had detected no consistent response in
children with CCHS (42), although brief stimuli—presumptively, selectively testing peripheral chemoreceptor responses—
suggested that these were similar in CCHS and healthy controls
(23). In a study that followed temporal trends during similar
challenges to those illustrated here (34), in 12 children with
clinically defined CCHS and 12 matched controls, the multiphasic pattern of respiratory rate over time was different
between cases and controls—an effect that we did not note in
the current study. Comparison of our results with the earlier
studies is complicated by differences in gas-delivery methods,
cohort size, and lack of PHOX2B genotype-confirmed disease
in the earlier research. Our work indicates that even in this
protocol, where hyperoxia is presumed to suppress most peripheral chemosensory drive, CCHS cases have (on average) a
statistically detectible ventilatory response that is nonetheless
physiologically inadequate to prevent hypoxemia and hypercarbia. Consequently, assessment of physiologic response to
this challenge (and absence of behavioral response in CCHS) is
a valuable element of ongoing clinical care and evaluation of
maturational changes in CCHS.

At least one study of a small cohort of clinically defined
CCHS has indicated absent ventilatory drive in response to
rebreathing protocols (35), using gas mixtures similar to those
used in our combined hypoxic hypercapnia challenge. Similarly, in another study, in which 15% O2 was administered in
a rebreathing protocol that could be expected to increase CO2
levels comparably with our steady-state method, a breathing
rate increase seen in controls was not shown in children with
CCHS (34). In contrast to these findings, our data suggest a
weak response in CCHS cases as a group with nonetheless
detectible changes in ventilation in most individuals. The
altered ventilatory pattern of response in our CCHS cases
(compared with controls), in which respiratory rate increased
via a decrease in TE, may reflect age-dependent differences
between our cohorts (36) or more speculatively, PHOX2B
mutation-dependent changes in the medullary networks underlying respiratory-phase coordination (perhaps altering active
expiration). As with the hyperoxic hypercapnia challenge,
assessment of these responses can provide an invaluable tool
for management, evaluation of developmental changes, and
assessment of potential pharmacological interventions in
CCHS.
The ventilatory response to five or seven tidal breaths of
100% N2 in our CCHS cases was subtle on an individual basis,
although, on average, there was a detectible response in ventilation, respiratory rate, and Drive. Whereas the mean de-
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Fig. 7. Genotype-phenotype correlation in HR variability parameters. Raw values for each metric (left) and percent change from baseline during the hypoxic
hypercapnia challenge (right) are shown. Metrics are: HR (A), the SD of normal time elapsing between 2 consecutive R waves in the ECG (SDNN; B), very low
frequency variability (VLF; C), low frequency variability (LF; D), respiratory frequency variability (RF; E), and the ratio of LF to RF (LF:RF; F). Significant
group median differences among controls and the most frequent CCHS genotypes (20/25, 20/26, and 20/27) are indicated by black bars above (P ⬍ 0.05).
Significant linear correlations are indicated with broken lines above (P ⬍ 0.05). Genotypes are: orange, CCHS 20/25; yellow, CCHS 20/26; purple, CCHS 20/27;
and black, controls (CN). Blue crosses indicate group median and quartile bounds.

crease in SpO2 was similar to that reported in a previous study
of hypoxic response in clinically determined CCHS (23), we
detected much less robust ventilatory, rate, and Drive responses. Similarity in the hypoxia application methods between their study and ours suggests that these differences may
be due to simply sample variability or cohort differences (their
sample included five children with clinically determined
CCHS). Without age-matched, healthy controls in this phase of
our study, it is difficult to address the physiological significance of the subtle response that we detected, but Gozal et al.
(23) found responses to this stimulus substantially similar to
healthy children.
Previous estimates of waking ventilatory sensitivity slopes
in children with CCHS have varied depending on details of gas
administration, suggesting possible differential deficits in central vs. peripheral chemoreception. In a rebreathing protocol
with 95% O2 and 5% CO2, ventilatory responses in a small
CCHS cohort were so weak that regression slopes were not
calculated (42). Such a protocol would be expected to elicit
both transient responses mediated by peripheral chemoreceptors as well as slower modulation by central mechanisms. In
contrast to the absent response noted in Paton et al. (42), Gozal
et al. (23) found responses to acute, brief hypercapnia and
hypoxia (meant to elicit primarily a peripheral chemoreceptor
response) to be largely unimpaired in five children with clinically determined CCHS compared with controls. In the current
study, encompassing a larger cohort with all PHOX2B-genotyped cases, ventilatory sensitivity to CO2 and O2 was generally weaker, although still detectable, in many children and
young adults with CCHS.

Clinically obtained cardiovascular responses to ventilatory
challenges were similar in CCHS cases and controls. MBP
responses, for example, were largely indistinguishable. In our
cohort, the steady-state HR response to hyperoxia was smaller
in CCHS than in controls, but differences were more ephemeral in other gas mixtures. We did not see the complex,
multiphasic case-control differences in HR, noted in Macey et
al. (34), although their cohort was somewhat older, and
PHOX2B mutations were unconfirmed. Interestingly, cerebrovascular responses to the challenges, as assessed by cNIRS,
were qualitatively different. In hyperoxia, the relative increase
in regional cerebral saturation was greater in CCHS than in
young-adult controls, whereas in the combined hypoxic hypercapnic challenge, the pattern was reversed. Whereas controls
preserved or increased cerebral oxygenation, cNIRS was suppressed throughout the challenge in CCHS patients. These
differences suggest a dysregulation of cerebral autoregulation
in CCHS (14, 25, 33, 44) and lend support to reports by Macey
et al. (33) in functional MRI studies.
Whereas a deficit in central chemosensory integration (34, 42)
with possible preservation of peripheral chemosensors (23) is
broadly accepted as underlying the hypoventilatory phenotype in
CCHS (12), evidence of residual ventilatory sensitivity to some
challenges was seen in our CCHS patients in response to altered
inspiratory O2 and CO2. We found subtle volume and timing
changes due to transient hypoxia or 3-min exposure to hyperoxic hypercapnia. Although still physiologically inadequate to
prevent O2 desaturation and hypercarbia, more robust alterations of breathing were seen in response to a combined hypoxic
hypercapnic stimulus. The blunted ventilatory challenge re-
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sponse in CCHS relative to controls was also evident in our
calculation of ventilatory recruitment threshold and chemosensitivity slopes using a method that accounts for a discontinuous
response with a sharp threshold (21) and simultaneously estimated O2- and CO2-dependent parameters. Ventilatory recruitment thresholds were increased significantly in CCHS cases
compared with controls, a finding consistent with some animal
models (41). Whereas some previous research had indicated
such weak responses in CCHS—that slopes could not be
meaningfully interpreted (42)—we found some overlap in the
distribution of ventilatory slopes between the youngest of our
CCHS patients and our young-adult controls. As suggested by
some animal models, these residual responses in CCHS could
be the result of an incomplete lesion of the RTN. However, it
is important to acknowledge evidence for multiple brain sites
involved in central chemosensory integration (involving multiple neuromodulation systems), any of which could be preserved in CCHS (29, 31, 38, 40, 55). Furthermore, whereas a
RTN deficit is a reasonable starting point to explain the
chemosensory dysfunction in CCHS, in adult rats, at least, CO2
perfusion into the RTN stimulates breathing during waking
states but not during sleep (30, 39). Thus whereas such a result
is pertinent to the conditions in the current study of waking
responses, it suggests that a RTN lesion alone cannot explain
the full CCHS phenotype, which includes more severe hypoventilation during sleep.
For some of the controls in our cohort, the calculated slope
values were quite low, falling within the range of CCHS age
peers. This was likely the result of anxiety-induced hyperventilation at baseline in these participants, since several exhibited low
CO2 values at rest. This reduced starting point most likely resulted
in a failure to engage the ventilatory threshold fully during the
challenges. Interestingly, the dependence of respiratory rate on
CO2 was similar between our patients and controls, but the
volume response and inspiratory-phase timing were more distinct.
There are several possible explanations for the age-dependent
effects seen here, where variability in younger CCHS patients
includes relatively robust, although clearly physiologically inadequate, responses to hypercapnic and hypoxic challenges. Given
the lability of respiratory circuits through development (35), the
loss of responsiveness in the teen years may be the result of
age-dependent reconfiguration of these circuits in CCHS, perhaps
resulting in a stronger reliance on RTN/pFRG-based chemoreception. It could also be that the effects of PHOX2B mutations persist
beyond primary development of the nervous system, possibly
producing ongoing loss of vulnerable cell populations. Such a
process would be, at least, consistent with the hypothesis that
PHOX2B PARM mutations result in a toxic gain of function
involving a cytoplasmic aggregation of this transcription factor (6,
59). However, if such a process were underlying the data presented here, we would expect a clearer genotype-phenotype correlation in ventilatory sensitivity. Alternatively, the variability in
the chemosensitivity of our youngest patients may be the result of
differences in ongoing management or individual differences in
response to recurrent bouts of unanticipated hypoxemia/hypercarbia that could occur despite stable ventilatory support. Such
differences may be lost in the teen years, as the burden of
physiological compromise takes its toll on even the most wellmanaged patients.
As noted above, ventilatory variables did not show clear
genotype-phenotype correlation during challenges. Thus the
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PHOX2B genotype does not seem to predict which CCHS patients will exhibit the residual chemosensory ventilatory responses
noted in this study. Mechanistically, if residual chemosensory
function were the result of an incomplete lesion of central integration circuits, such as those including the RTN/pFRG, then a
graded genotype dose dependence might be expected with longer
repeat length. It may be that such differences are masked by more
profound heterogeneity caused by differences in long-term clinical management or individual variability in comorbidity caused
by repeated hypoxemia and acidosis that inadvertently occur in
activities of daily living when artificial or intrinsic ventilation is
not adequate. These differences may also be responsible for the
heterogeneity of chemosensitivity in our younger patients, some
of whom showed ventilatory responses that were similar to our
older controls—responses that nonetheless failed to prevent hypoxemia and hypercarbia in these patients. Interestingly, as with
pupillary-response measures (43), HRV, during baseline epochs
and during the combined hypoxic hypercapnia challenge, indicates that there may be a subtle dose-response correlation between
genotype and altered autonomic regulation of the cardiac cycle.
Whereas the results presented here are compelling in many
ways, there are several unavoidable limitations to the approach
that should be considered in interpreting and applying these
findings. Primarily, this study was conducted in the context of
and subordinate to clinical care in a pediatric setting. Agematched controls, for example, were not permitted under guidance from our IRB, so direct comparison of the responses of
the majority of our patients with those from healthy children
was not possible here. Nonetheless, when interpreted in the
context of previous literature on healthy children, it is likely
that our central conclusions would stand (or be strengthened),
even given a more precisely controlled study. The use of
minimal mechanical ventilatory support at baseline and during
challenges must also be considered in interpretation of our
results. Whereas previous studies have focused on CCHS
patients whose spontaneous awake breathing was physiologically adequate for blood gas homeostasis, we were able to
characterize responses in a broad range of cases. This permitted a genotype-phenotype analysis that included cases with
PHOX2B genotypes typically associated with full-time ventilatory support. Additionally, we did not quantify behavioral
responses to the challenges or attempt to assess subjective
impressions from cases or controls. Nonetheless, the contrast
between these groups could not have been more obvious, as
CCHS patients typically continued with quiet activities, seemingly oblivious to even the most dramatic challenges, whereas
controls had labored breathing and reported anxiety.
Conclusion
The findings presented here represent the largest cohort of
CCHS cases reported to date and are the first to include specific
PHOX2B genotyping for such a cohort in combination with
physiological testing, without exclusion of individuals needing
waking ventilatory support. These results have significant implications for clinical management of CCHS, in that they emphasize
the persistent risk of physiologic compromise from hypoxemia
and hypercarbia during activities of daily living, especially when
artificial ventilation is delivered inadequately. The additional findings of altered HR variability and cerebral regional blood flow
also suggest that physiological vulnerabilities may be present,

J Appl Physiol • doi:10.1152/japplphysiol.01310.2013 • www.jappl.org

Residual Chemosensory Response in CCHS

even in individuals with pristine clinical management. If these
alterations are tied to poor outcomes in CCHS, then current
clinical management guidelines (61) may need to be extended
beyond 24-h pulse oximetry and EtCO2 monitoring to more
comprehensive approaches for maintaining health and safety.
In contradiction to previous findings of a genotype-phenotype correlation in some clinical features (7, 36, 43, 60, 62), the
effect of the various PHOX2B mutations on the ventilatory
phenotype appears to be largely indistinguishable in our cohort, although statistical power was limited. Evidence from a
conditional knockin animal model of CCHS (20/27 genotype)
has suggested the possibility of residual chemosensory function in CCHS, although differences from the human developmental mechanism must be kept in mind (46). We find that
many CCHS patients have detectable, although still physiologically inadequate, ventilatory responses to chemosensory challenges. However, our finding of minimal response to hypoxic
and hyperoxic challenges suggests that these residual responses
are unlikely to be mediated by compensatory mechanisms in
peripheral chemosensory structures. Instead, these residual
responses are most prevalent in younger patients, pointing to
age-dependent mechanisms, such as developmental reconfiguration of respiratory circuits or continuing loss of vulnerable
cell populations within respiratory circuits due to expression of
an altered PHOX2B transcription factor. Nonetheless, the presence of residual chemosensory function suggests that pharmacological interventions that augment the gain of these control
loops could modify the control of breathing phenotype, as
indicated by recent work in cell culture (5), animal models (15,
26, 28), and even humans (53). Such interventions have the
potential to capitalize on this residual chemosensory function
to reduce mortality and morbidity while enhancing the overall
quality of life in patients with CCHS.
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