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BACKGROUND: Autonomic nervous system (ANS) dysregulation has been described in congenital central hypoventilation

syndrome (CCHS). The objectives were to describe heart rate variability (HRV) analyses in children suffering from CCHS both while

awake and asleep and their relationships with both ambulatory blood pressure (BP) and ECG monitoring results.

METHODS: This retrospective study enrolled children with CCHS (n = 33, median age 8.4 years, 18 girls) who had BP and ECG
monitored during the same 24 h. From the latter, HRV analyses were obtained during daytime and nighttime.

RESULTS: The prevalences of hypertension and sinus pauses were 33% (95% confidence interval [Cl]: 18-52) and 18% (95% Cl:

7-35), respectively. The decrease in systolic BP at night negatively correlated with an increase in very low frequency (VLF) and LF
powers at night, and the longest RR interval positively correlated with daytime VLF and LF powers. Among the three groups of
children (polyalanine repeat expansion mutation [PARM], moderate [20/25 and 20/26], severe [20/27 and 20/33], and non-PARMs),
the prevalence of elevated BP or hypertension was different: in PARM subjects: 6/18 moderate, 7/9 severe versus 0/6 in non-PARM
(p = 0.002).

CONCLUSION: Modifications of cardiac ANS are associated with systemic hypertension and the occurrence of sinus pauses in CCHS.
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IMPACT:

® Children with congenital central hypoventilation syndrome (CCHS) exhibit an increased prevalence of hypertension and sinus
pauses that are linked to cardiac autonomic nervous system dysfunction.

® Sinus pauses are the main manifestation of sinus nodal dysfunction in children with CCHS.

® The increased prevalence of hypertension, especially at nighttime, is a new finding in CCHS.

® Sinus nodal dysfunction can be due to the sole impairment of the cardiac autonomic nervous system.

® Ambulatory blood pressure and ECG monitoring are mandatory in patients with CCHS.
INTRODUCTION

Congenital central hypoventilation syndrome (CCHS) is a rare
lifelong and life-threatening disorder that affects the autonomic
nervous system (ANS) that controls many of the automatic
functions in the body such as heart rate (HR), blood pressure
(BP), sensing of oxygen and carbon dioxide levels in the blood,
temperature, bowel and bladder control, and more. Thus, CCHS is
defined as an alveolar hypoventilation due to a deficient
autonomic central control of breathing and a global autonomic
dysfunction.! Almost all individuals with the comprehensive CCHS
phenotype are heterozygous for a mutation in the PHOX2B gene:
polyalanine repeat expansion mutations (PARMs) or non-PARMs or
PHOX2B deletion.'

ANS dysregulation has been well described in CCHS'™® with a
positive correlation between the number of ANS dysfunction
symptoms and PARM in PHOX2B gene.® A similar relationship has

further been confirmed with an objective measure of ANS,
pupillometry.” All the studies are consistent with a predominant
vagal dysfunction with signs of vagal withdrawal and baroreflex
failure.®"" Trang et al. suggested a relative preservation of the
cardiac and vascular sympathetic function'® while Diedrich et al,,
in a preliminary report, suggested that CCHS leads to generalized
abnormalities in parasympathetic and sympathetic control of HR
as well as sympathetic control of the peripheral vasculature.'" This
sympathovagal imbalance has also been demonstrated during
sleep. Patients with CCHS showed virtually no high-frequency
activity of overall heart rate variability (HRV) due to parasympa-
thetic withdrawal during sleep® The low-frequency/high-fre-
quency ratios in most patients with CCHS increased during sleep
but decreased in healthy subjects.® Overall, there is no doubt that
ANS dysfunction is present in CCHS, but the cardiovascular
consequences of this dysfunction remain debated.
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The arterial baroreflex contributes importantly to the short-term
regulation of BP and HRV.'?> Many central neural structures are
involved in the regulation of the cardiovascular system and
contribute to the integrity of the baroreflex. Consequently, brain
injuries, as observed in CCHS, may induce baroreflex impairment
and deranged cardiovascular variability.*'* In addition, early
depression of the baroreceptor sensitivity during the onset of
hypertension has been demonstrated.'* Altered baroreflex has
repeatedly been demonstrated in CCHS.”'®"> Moreover, Trang et al.
showed that children with CCHS had lower BP while awake and
higher BP while asleep as compared to control subjects. Nocturnal
BP dipping was abnormally low in patients with CCHS.'® ANS
dysfunction could also contribute to sinus nodal dysfunction.
Silvestri et al. showed that children with CCHS have more
arrhythmias than healthy subjects, specifically an increased severity
and frequency of bradyarrhythmias such as sinus pauses.'’
Consequently, one may wonder whether ANS dysfunction of CCHS
contributes to the abnormalities of BP and to sinus pauses (transient
asystole). The primary objectives of our study were to describe HRV
analyses in children suffering from CCHS during both wakefulness
and sleep, and the relationships with both ambulatory blood
pressure monitoring (ABPM) results (normal BP, elevated BP,
hypertension, and normal versus reduced nocturnal dipping) and
ambulatory ECG monitoring results (sinus pauses). The effect of
CCHS genotype on the results of ABPM and ambulatory ECG
monitoring was assessed as a secondary objective. We hypothe-
sized that the abnormal nocturnal dipping and the sinus pauses
could be associated with abnormal HRV indices, especially those
that have previously been associated with baroreflex sensitivity.'®'?

METHODS

Design

This was a retrospective study based on the analysis of recordings
obtained according to the French national guidelines in the routine follow-
ups with children suffering from CCHS (https://www.has-sante.fr/jcms/
c_2829809/fr/syndrome-d-ondine).

According to these guidelines, these children had a 48-h ambulatory
ECG monitoring and a 24-h ABPM every 1-2 years. We selected the 24-h
ambulatory ECG monitoring obtained during the same 24-h of ABPM.
Then, when children had multiple visits, we selected the 24-h ECG
recording with the longest RR interval as previously done by Gronli et al.*®
An additional selection criterion used was the age between 5 and 16 years
due to the set of normative ABPM values.?'

Ethical approval was obtained from our Ethical Committee for the
assessment of this cohort. The parents were informed of the collection of
the prospective data for research purposes, and they could request that
their child be exempted from this study in accordance with French law
(noninterventional observational research).

Ambulatory ECG monitoring (ECG Holter)
Electrocardiographic recording was acquired with the Holter recorder
SpiderView (ELA Medical, SORIN Group, Clamart, France). Analog data were
edited on a SyneScope station and further exported in ASCII files. The files
were then processed using the HRV analysis software 1.1 downloaded from
https://anslabtools.univ-st-etienne.fr and validated by Pichot et al,** as
previously done.?®

The 24-h recordings were split into daytime (8 AM-9 PM) and nighttime
(11 PM-6 AM) as previously done by others to determine normal values of
daytime and nighttime HRV indices,* since our aim was to assess whether
modifications of ABPM and ECG Holter occur at daytime or nighttime.

ECG Holters were all interpreted by an expert cardiologist (.D.). Sinus
node dysfunction was defined by sinus pause >3 s.° The longest RR value
was systematically retrieved from the 24-h recording with its time of
occurrence. HR characteristics were expressed as mean value, skewness (a
measure of the symmetry of probability distribution), and kurtosis (a
measure of tailedness of probability distribution).

Linear analyses
Time-domain variables included the mean sinus HR, the standard deviation
of the RR intervals (SDNN), and the root mean of squared successive
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differences (RMSSD). After fast Fourier transform, the power spectrum
indices were calculated as recommended.?® The spectrum was calculated
using Welch’s periodogram algorithm with a Hamming window of 256
points, an overlap of 50%, and a precision of 256 points/Hz.>?

The frequency-domain measurements were the total power (Ptot), very
low frequencies (VLF: 0-0.04 Hz), low frequencies (LF: 0.04-0.15 Hz), and
high frequencies (HF: 0.15-0.40 Hz). LF and HF were also expressed as
normalized values, LFnu = 100 x LF/(Ptot) and HFnu = 100 x HF/(Ptot), and
the LF/HF ratio was calculated.

In accordance with Billman,”” LF/HF=(0.50 parasympathetic +
0.25 sympathetic nerve activity)/(0.90 parasympathetic + 0.10 sympathetic
nerve activity). Thus, when HR fluctuations mediated by autonomic nerves
are observed in the HF band (>0.15Hz), it is considered an index of
parasympathetic tone. A decrease in the LF/HF ratio together with a
decrease in LF was considered indicative of a possible reduction in
sympathetic tone, as previously done.?®

Since HR variations per se influence HRV responses, frequency data
(power spectra) were corrected by division with the corresponding mean
RR interval in seconds,” giving LFcomected aNd HFcorrected, @S previously
done®

7

Nonlinear analyses'®

Beat-to-beat regulation is under the influence of sympathovagal balance,
central oscillators, reflexes circuits such as baroreflex and chemoreflex
control, sympatho-sympathetic reflexes, molecular, and hormonal regula-
tion. All these mechanisms are responsible for HRV complexity. Thus,
nonlinear analyses of HRV were computed using methods whose indices
had previously been linked to the baroreflex.

Detrended fluctuation analysis (DFA) extracts the correlations between
successive RR intervals over different time scales. DFA is a method that
guantifies the long-term correlations and fractal structure in HR dynamics.
This analysis results in slope DFAal, which describes brief fluctuations
related to the baroreceptor reflex,'® and slope DFAa2, which describes
long-term fluctuations related to regulatory mechanisms that limit
fluctuation of the beat cycle.'®

A Poincaré plot is graphed by plotting every RR interval against the prior
interval, creating a scatter plot. We analyzed Poincaré plot by fitting an
ellipse (curve that resembles a squashed circle) to the plotted points. After
fitting the ellipse, we derived two nonlinear measurements, SD1 and SD2
that have been linked to the baroreflex.'® The ratio of SD1/SD2, which
measures the unpredictability of the RR time series, was used to measure
autonomic balance when the monitoring period is sufficiently long and
there is sympathetic activation.

Ambulatory blood pressure monitoring (ABPM)

Each subject underwent 24-h ABPM using an oscillometric device
(SpacelLabs 90207; SpacelLabs Medical; Redmond, WA). The cuff was
chosen to match arm size and placed around the nondominant arm, as
recommended.”’ The monitor was programmed to read BP every 20 min
during daytime (8 am to 10 pm) and every 30 min during nighttime (10 pm
to 8 am). BP measurements were compared to normative values of
children ABPM,?" and elevated BP (=90th percentile and <95th percentile)
and hypertension (=95th percentile) were defined according to current
recommendations for children.?® Nondipping status was defined as a
mean reduction in systolic BP or diastolic BP lower than 10% during
nighttime*® The percentage of daytime and nighttime with BP <50th
percentile was also recorded. All the ABPMs were interpreted by a single
investigator (C.D.).

Statistical analyses

The results were expressed as median (25th—75th percentiles) since most
indices did not follow a normal distribution (HRV indices for instance).
Comparisons between daytime and nighttime recordings were performed
using Wilcoxon signed-rank test. Comparisons of the continuous variables
between the three groups of children were performed using the
Kruskal-Wallis test and two-group comparisons were further performed
using the Mann-Whitney U test. Categorical variables were compared
using the x? test (Fisher's exact test when necessary) and correlations were
evaluated using Pearson’s correlation coefficient. A p value <0.05 was
deemed significant. No correction for multiple testing was done due to the
pathophysiological design of the study.>’ All statistical analyses were
performed with StatView 5.0 software (SAS Institute, Cary, NC, United
States).
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Table 1. ABPM and ECG Holter characteristics of the 33 children
with CCHS.

Characteristic Results median [25th-75th

percentile] or n

Table 2. HRV analyses of the 33 children with CCHS.

ABPM
Validated BP measures, % 80 [73; 86]
Mean daytime systolic BP, mmHg 110 [104; 116]
Mean daytime diastolic 70 [63; 75]

BP, mmHg

Mean nighttime systolic
BP, mmHg

103 [98; 111]

Mean nighttime diastolic 63 [59; 69]
BP, mmHg

Systolic dipping, % 7.1 [2.4; 10.4]
Diastolic dipping, % 7.1 [1.4;,13.7]
Daytime <50th percentile 64 [22; 93]
systolic BP, %

Daytime <50th percentile 53 [30; 85]
diastolic BP, %

Nighttime <50th percentile 27 [11; 50]
systolic BP, %

Nighttime <50th percentile 17 [0; 32]

diastolic BP, %

ECG Holter
Longest RR value, ms 1175 [1012; 2050]
Sinus pauses at daytime, n 6
Atrioventricular block, n 0

RESULTS

Thirty-three participants suffering from CCHS, 18 females and 15
males, were enrolled; their median age was 8.4 years [6.4; 11.1].
Their somatic growth was normal: median height of 131 cm [119;
142], 48th percentile [24; 80], median weight of 27 kg [22; 34], 49th
percentile [16; 73] and median body mass index of 16.45 kg.m™
[14.77; 18.67], 46th percentile [13; 80]. All participants were
heterozygous for a mutation in the PHOX2B gene: PARMs, 20/25,
n=10; 20/26, n=8; 20/27, n=7; 20/33, n=2, or non-PARMs,
n=6. Twenty-nine children received night ventilation and
four required 24/24h ventilation. The distribution of mask
ventilation and tracheostomy ventilation was equivalent (16 and
17, respectively). None required a respiratory or cardiac pace-
maker. The results of ABPM and ECG Holters are described in
Table 1 as well, while the results of HRV analyses are described in
Table 2.

Prevalence of ABPM abnormalities

The prevalence of abnormalities was very high with only seven
children depicting normal results. Thirteen children had isolated
abnormal nocturnal dipping, either diastolic (n=1) or systolic
(n = 6) or both (n = 6). Two children had an elevated BP and 11/33
children (33%, 95% confidence interval [Cl]: 18-52) had hyperten-
sion (two 5-year-old children already had hypertension; nocturnal
hypertension only, n=6). Age, sex and body mass index of
children with elevated BP or hypertension were not significantly
different from those with normal BP (p =0.580, p =0.284, and
p = 0.173, respectively).

Prevalence of ECG Holter abnormalities

As shown in Table 1, the sinus pauses were encountered in 6/33
children: 18%, 95% Cl: 7-35. No child had symptoms that were
easily attributable to the sinus pauses, and recorded pauses were
asymptomatic. Also, no child had permanent pacing.
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Characteristics Daytime Nighttime p value
HR, beats/min 106 [94; 109] 85 [82; 92] <0.001
Kurtosis 8.58 [5.45; 12.98] 4.16 [3.52; 5.26]  <0.001
Skewness 0.634 [0.044; 1.191]  -0.009 <0.001
[-0.315; 0.378]
RR, ms 568 [549; 636] 703 [650; 731] <0.001
SDNN, ms 77 [61; 85] 81 [64; 103] 0.028
RMSSD, ms 24 [18; 38] 21 [17; 32] 0.045
Frequency-domain indices
Ptot, ms? 1379 [1027; 3623] 1847 0.141
[1086; 3525]
VLF, ms? 806 [526; 1636] 1067 0.052
[623; 2198]
LF, ms? 368 [209; 1015] 498 [244; 928] 0.111
LFcorrecteds MS 0.64 [0.38; 1.75] 0.70 [0.35; 1.31] 0.504
HF, ms? 118 [47; 467] 79 [44; 239] 0.057
A i TS 0.20 [0.08; 0.73] 0.12 [0.07; 0.28] 0.005
LFnu, % 76 [70; 80] 81 [69; 84] 0.033
HFnu, % 24 [20; 30] 19 [16; 31] 0.033
LF/HF 4.46 [3.00; 5.65] 6.14 [3.18; 7.92] 0.001
Nonlinear indices
Poincaré plot
SD1 15 [11; 25] 13 [11; 19] 0.583
SD2 98 [83; 115] 113 [89; 140] 0.013
SD1/SD2 0.15 [0.13; 0.20] 0.14 [0.11; 0.16] 0.065
Detrended
fluctuation
analysis
DFAa1 1.27 [1.11; 1.36] 1.35 [1.20; 1.48] 0.004
DFAa2 1.12 [1.00; 1.16] 1.14 [1.04; 1.22] 0.071

HRV analyses, daytime versus nighttime (Table 2)

In these children with CCHS the RMSSD, the HF corected POWeY, and
the HFnu decreased at nighttime as compared to the daytime,
which was associated with a significant increase in LF/HF ratio.
Skewness and kurtosis also decreased at night. The positive skew
(right tail [longer RR] is longer) during the daytime is consistent
with the occurrence of bradyarrhythmias during the daytime
in CCHS.

Relationships between HRV analyses and ABPM indices

At night, there was a significant decrease in both mean systolic BP
(p <0.001) and mean diastolic BP (p <0.001) as compared to the
daytime. The decrease in mean systolic BP and mean diastolic BP
significantly correlated (* = 0.59, p < 0.001). A negative correlation
was evidenced between systolic dipping at night and LF change at
night. The smallest decreases in mean systolic dipping at night
were associated with increases in both LF and VLF at night (Fig. 1).

Relationships between HRV analyses and sinus pauses
The comparison of HRV analyses among the children with sinus
pauses (n=6) to those with normal ECG Holter (n=27) is
provided in Table 3. Overall, children with sinus pauses during the
daytime were characterized by an increased HRV at both daytime
and nighttime. Similarly, their positive skewness was also higher at
both daytime and nighttime.

Finally, positive correlations were evidenced between the
longest RR of ECG Holter recordings and Ptot during the daytime
(R=0.46, p=0.010) that was related to both VLF and LF (Fig. 2).
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Fig. 1 Relationship between systolic BP dipping at night and LF
and VLF changes at night. Systolic BP dipping negatively correlated
with both changes in LF power (upper panel) and in VLF power
(lower panel). These correlations were observed for children with
normal BP and with elevated BP or hypertension.

The skewness at daytime also positively correlated with the
longest RR (R = 0.60, p < 0.001).

Influence of CCHS genotype

Among the children in the three groups based on genotype
(PARMs, moderate [20/25 and 20/26], severe [20/27 and 20/33],
and non-PARMs>?) the prevalence of elevated BP or hypertension
was different in the three groups of children: 6/18 moderate, 7/
9 severe versus 0/6 non-PARMs (p =0.002). Two-group compar-
isons demonstrated that elevated BP or hypertension was more
frequent in the severe PARM group as compared to the non-PARM
group (p = 0.007).

The prevalence of the sinus pauses was not significantly
different in the three groups of children: 3/18 moderate PARMs,
2/9 severe PARMs, and 1/6 non-PARMs (p = 0.934). The longest RR
values were not significantly different in the three groups:
moderate PARMs, 1277 ms [1080; 2804] versus severe PARMs,
1120 ms [997; 2466] versus non-PARMs, 1155 ms [940; 1175],
p =0.347.

One may wonder whether HRV indices could be modified by
the genotype. We restricted the analyses to indices of HRV that
had been linked to the baroreflex (nonlinear indices). Daytime
DFAa1 was significantly different in the three groups: in severe
PARMs, 1.08 [1.04; 1.11]); in moderate PARMs (1.31 [1.15; 1.37]),
and in non-PARMs (1.29 [1.23; 1.39]) (p=0.041). Two-group
comparisons demonstrated that DFAal was lower in severe
PARMs as compared to the two other groups (moderate: p = 0.040
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and non-PARMs: p = 0.035). At night, DFAa2 was different in the
three groups: in severe PARMs (1.23 [1.22; 1.26]); in moderate
PARMs (1.09 [1.00; 1.14]) and in non-PARMs (1.14 [0.94; 1.17])
(p =0.006). Two-group comparisons demonstrated that DFAa2
was higher in severe PARMs as compared to the two other groups
(moderate: p=0.004 and non-PARMs: p=0.003). The other
nonlinear indices obtained from Poincaré plot (see Table 2) were
not significantly different (data not shown).

DISCUSSION

The main results of this retrospective observational study were
that the prevalence of hypertension was high in children with
CCHS (33%) and that the prevalence of sinus pauses was similar to
that of previous studies (18%). We further show that the
dysfunction of cardiac ANS is associated with the abnormalities
of BP and the occurrence of sinus pauses. The HRV indices linked
to these abnormalities are those previously related to the
baroreflex function and/or the sympathetic overdrive. The
genotype of the children with CCHS (severe PARMs) influenced
the prevalence of elevated BP and hypertension.

Correlations with structural abnormalities, pathophysiological
plausibility

Impaired neural structure and function contributing to autonomic
symptoms has been demonstrated in CCHS.? Injury or thinning of
the insula may reduce its modulatory role on the hypothalamus
and contribute to the enhanced sympathetic outflow. Both, the
left and the right insula, are injured in CCHS. The hippocampal
injury found in patients with CCHS may lead to autonomic
impairments; perhaps from the role of this structure as part of a
ventral medial frontal cortex-hippocampal BP regulatory circuit.
Thus, these injuries related to CCHS may lead to both impaired BP
regulation and increased sympathetic flow that have been
associated with arrhythmia.

Daytime versus nighttime HRV

In considering all of the organ systems affected by the ANS,
individuals with CCHS will have variable manifestations with
varying severity.’ Cardiac ANS has been extensively studied in
CCHS. It has been demonstrated that the LF/HF ratios in most
patients with CCHS increased during sleep but decreased in
healthy subjects.® We show a similar result in our children with
CCHS that was mainly related to a decrease in HF power at
nighttime, which contrasts with the increase in HF power at
nighttime evidenced in healthy children. It is well known that
during non-REM sleep, breathing becomes more regular as it
switches to an involuntary mode. Because respiration modulates
HR and generates HF component at respiratory frequency, the
power of the HF component concentrates on a narrower
frequency band as the regularity of the respiratory cycle increases.
One may wonder whether mechanical ventilation of children with
CCHS is responsible for these changes in HF power. The
respiratory frequency of mechanical ventilation used in our
children (around 0.40 Hz, in the HF band) rules out this hypothesis.
Hemodynamic oscillations during normal (negative pressure)
respiration are predominantly due to changes in intrathoracic
pressure. The effects of augmented positive intrathoracic pressure,
which occurs with positive airway pressure ventilation, on
cardiovascular autonomic control have been evaluated in healthy
subjects.®® This study showed that positive airway pressure
induced a decrease in the total power of HRV despite the mean
RR interval remaining unchanged. The overall decrease in HRV was
accompanied by a reduction across all frequency bands, which
was not observed in our study, ruling out the sole effect of
mechanical ventilation on HRV indices. Finally, higher nonlinear
behavior has been evidenced at night in healthy subjects,* which
is similar in our children with CCHS (at least for SD2 and DFAal1).

Pediatric Research (2023) 93:1003 - 1009
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Sinus pauses N =6 p value Mann-Whitney test

105 [95; 107] 0.562
50.79 [10.12; 71.19] 0.027
3.17 [1.19; 4.78] 0.012
4883 [3245; 7787] 0.004
2831 [1145; 4035] 0.002
1326 [1015; 2102] 0.006
581 [326; 643] 0.009
83 [82; 84] 0.111
13.25 [3.20; 17.22] 0.110
0.669 [0.207; 0.820] 0.003
3651 [3548; 5495] 0.003
2207 [2193; 2242] 0.006
1007 [949; 1423] 0.004
261 [189; 334] 0.003

at rest, but the maneuvers demonstrated a limited capacity to
elevate BP.'® Lin et al. suggested that sympathetic tone was
markedly elevated in CCHS,” and recently Vu et al. showed a
greater hypotension observed in CCHS consequent to orthostatic
provocation.'® From these results, one may conclude that the
baroreflex is altered in CCHS.

Few studies have evaluated long-term BP changes in CCHS.
Trang et al. showed that children with CCHS had lower BP while
awake and higher BP while asleep as compared to the control
subjects. Consequently, nocturnal BP dipping was abnormally low

Table 3. HRV analyses of the 33 children with CCHS according to the presence or absence of sinus pauses.
Characteristics Normal ECG Holter N =27
Daytime
HR, beats/min 106 [94; 111]
Kurtosis 7.48 [4.85; 12.19]
Skewness 0.569 [0.014; 0.860]
Ptot, ms® 1154 [800; 2498]
VLF, ms? 655 [455; 1027]
LF, ms? 342 [197; 762]
HF, ms? 87 [41; 220]
Nighttime
HR, beats/min 86 [83; 94]
Kurtosis 3.99 [3.52; 4.72]
Skewness -0.215 [-0.394; 0.181]
Ptot, ms® 1502 [901; 2486]
VLF, ms? 901 [574; 1747]
LF, ms? 413 [218; 787]
HF, ms? 61 [41; 144]
R=0.47, p=0.006
5000
L] )
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[ ] e Y
K @t o oo
2000 o i
[ ]

T T T T
1000 1500 2000 2500

Daytime LF, ms?

T
500

R=0.53, p=0.002

5000 -

Longest RR value on ECG Holter, ms
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3000 -

2000 -

1000 ~
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2000 3000 4000 5000

Daytime VLF, ms?

T
1000

Fig. 2 Relationships between the longest RR value and LF and
VLF powers at daytime. The longest RR values positively correlated
with both LF power (upper panel) and VLF power (lower panel). The
horizontal dashed line defines the limit of sinus pauses (>3000 ms).

Blood pressure changes in CCHS and relationships with ANS
Throughout the overnight sleep period, the arterial baroreflex acts
to buffer surges of sympathetic activation by means of rapid
changes in cardiac vagal circuits.>* Baroreflex function has been
studied in CCHS. Trang et al. showed that BP levels were preserved
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in patients with CCHS.'® These results were obtained in a
restricted sample of children with CCHS (n=11) and before
genetic characterization. In our study, systolic BP was <50th
percentile for 63% of daytime in the 33 children, and 13/33 (39%)
children demonstrated an isolated reduced nocturnal dipping,
which confirm some trends previously evidenced.

Importantly, we show for the first time that elevated BP and
hypertension are prevalent in childhood CCHS, especially at night.
Our definitions of BP abnormalities are consistent with recent
guidelines®® and use gold standard ABPM normative values, as
recommended.?’ The observed prevalence of hypertension (33%)
is higher than that expected (5% prevalence above the 95th
percentile), suggesting that ABPM should be performed in all
patients with CCHS, as recommended in France.

We also show correlations between systolic BP change at night
and VLF or LF changes at night. The VLF component may closely
relate to the body temperature regulation, fluctuations in the
activity of the rennin-angiotensin system, and peripheral chemor-
eceptor activity. Cevese et al. concluded that in supine rest
conditions, the oscillation of RR at low frequency (0.1 Hz: LF band)
is almost entirely accounted for by the baroreflex mechanism.>?

Thus, altered baroreflex at night, suggested by an absence of
increase in VLF and LF powers, and relative sympathetic overdrive
at night (increased LF/HF ratio with decreased HF) may be
responsible for the absence of normal nocturnal dipping and even
elevated BP or hypertension at night in children with CCHS. Along
this line, it has been shown in hypertensive subjects that the
reverse dipping state is characterized by a sympathetic activation
of a greater magnitude than that seen in the other conditions
displaying abnormalities in nighttime BP pattern.>® Furthermore,
patients with primary autonomic failure and very low sympathetic
and parasympathetic activities also have a high incidence of
nondipping.®” In the context of altered baroreflex, cerebral blood
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flow depends essentially on BP driven mechanism in patients with
CCHS." A study that followed patients with CCHS over several
years showed that brain injury progresses with advancing age.'®
Whether the absence of nocturnal dipping is an adaptative or
deleterious mechanism in CCHS remains to be elucidated.
Nevertheless, it has been shown in the late middle-aged
community-dwelling adults that reverse dipping in the presence
of hypertension is associated with small vessel cerebrovascular
disease, which, in turn, mediates memory functioning.*® This latter
finding is important since it has been shown that CCHS increased
the risk to develop neurocognitive deficiencies, affecting particu-
larly speed of processing and working memory.*®

Prevalence of arrhythmia and relationships with ANS

The prevalence of sinus node dysfunction in our study (18%, 95%
Cl: 7-35) was similar to that observed in a recent study in patients
with CCHS (16/72, 22%, 95% Cl: 13-34).*° Among individuals with
a prolonged RR interval, development of asystoles is a potential
cause of sudden death.?® Prolonged sinus pauses in individuals
with CCHS have consistently occurred when the person is
awake,*' as observed in our study. A challenging issue is whether
sinus pauses are responsible for enhanced HRV and/or whether
ANS dysfunction is responsible for enhanced HRV and sinus
pauses. It has been stated that the pauses occur suddenly and
unpredictably.?® We show a correlation of skewness during the
daytime with the longest RR values and a correlation between the
longest RR values and daytime VLF and LF powers. These
correlations suggest that sinus pauses are associated with
repeated events of low frequency (bradycardia). Whether these
events are related to enhanced sympathetic flow and/or altered
baroreflex remains open to debate. At night, children with the
sinus node dysfunction had enhanced HRV and increased
complexity of HRV, which has previously been demonstrated in
adults*? and children.** The sinus node dysfunction is usually due
to degenerative fibrosis of the sinus node, affecting older subjects.
Sinus bradycardia attributable to autonomic denervation, surgical
trauma, ischemia, rejection, and prior amiodarone use is common
after the heart transplant.?> Our study suggests a link between the
dysfunctions of both ANS and sinus node, which remains to be
demonstrated.

In the study of Gronli et al., 501 ECG Holters were obtained in 39
patients with CCHS, which is the largest study published.?’ Overall,
the first ECG Holter recording was obtained at 5.5 + 4.9 years, and
the Holter recording with the longest RR interval was obtained at
7.8 +5.8 years (this is quite similar to the results in our study).
Thus, the occurrence of sinus pauses worsens with age, which is
consistent with the fact that about 20% of adults with CCHS in
France have permanent pacing (Dr Maxime Patout, unpublished
observation), whereas no child had permanent pacing in our
study. The mechanisms leading to the worsening of the sinus
nodal function remain to be established. Nevertheless, the normal
changes in the ANS function from infancy to adulthood** may
contribute to these alterations. The changes in the baroreflex
function with age are also characterized by a reduced baroreflex
control of HR, which favors cardiac sympathetic tone and
parasympathetic withdrawal, combined with the decreased ability
of the baroreflex to buffer changes in BP.*

In the study of Laifman et al,* patients with 20/27 PARMs
presented with symptoms at a mean age of 12.4+8.8 vyears,
whereas those with 20/25 PARMs and non-PARMs had symptoms
at a mean age of 15.0+6.0 years, which may explain why our
younger children with CCHS had no symptoms. In patients with
isolated sinus bradycardia without symptoms due to cerebral or
systemic hypoperfusion, there is no minimum HR or maximum
pause duration where permanent pacing is recommended.
Establishing a temporal correlation between symptoms and age-
related bradycardia is of importance when determining whether
permanent pacing is needed.?® Thus, permanent pacing was not

SPRINGER NATURE

performed in our children with CCHS, which seems in contrast
with the practice in the USA where pacemaker implantation is
often recommended in presence of pauses =3 s.%°

Influence of CCHS genotype

Hypertension was mainly observed in the children with severe
PARMs, which is an original finding. Furthermore, daytime
DFAa1 was lower in these children, which could be related to an
impaired baroreflex'? in children with hypertension. The specific
increase in nighttime DFAa2 remains unexplained. Nevertheless,
a slight increase in the a2 scaling exponent has been
demonstrated in mice with sinoaortic denervation,'® which
suggests that this condition also changes the long-term fractal
structure. Finally, we did not find an influence of genotype, on
the opposite of previous results,?®*° on the prevalence of sinus
nodal dysfunction. This could be related to the restricted sample
size of children with severe PARMs (n =9) and restricted follow-
up in our study.

Clinical perspectives

The modifications of HRV associated with abnormal BP or
bradyarrythmia seem both related to an increased sympathetic
drive, at nighttime for BP and at daytime for sinus pauses. Once
sinus pauses are observed, the occurrence of symptoms is a major
issue to indicate permanent pacing.

Since BP abnormalities were not observed in the non-PARM
subgroup, which need to be confirmed in a larger sample,
one may wonder if ABPM is mandatory in this subgroup of
children. For the PARM subgroup, annual ABPM could be
recommended, as done in our French guidelines. Finally, the
long-term cardiovascular consequences of BP abnormalities
remain to be assessed.

Limitations
We did not include healthy children since our aim was to assess
the correlations of different measurements in a diseased popula-
tion. Furthermore, several studies have already described HRV
modifications in children with CCHS as compared to healthy
children8101117:204647 Einally, this retrospective study shows
correlations that do not make causation.

In conclusion, autonomic system dysfunction of CCHS is
associated with the risk of both hypertension and sinus pauses
in children.
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