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BACKGROUND: A correlation has been observed between obstructive sleep events and sleep
quality. The aim of the study was to assess if there is also a correlation between nocturnal hypox-
emia and hypercapnia and sleep efficiency and sleep fragmentation in children. METHODS: Noc-
turnal pulse oximetry (SpO2

) and transcutaneous carbon dioxide (PtcCO2
) recordings with simulta-

neous actigraphy were performed in 38 children with nocturnal hypoxemia and hypercapnia during
spontaneous breathing (nocturnal hypoventilation [NH] group), 25 children with partially corrected
nocturnal hypoventilation (PC-NH group), and 11 subjects with normal nocturnal gas exchange
(no-NH group). RESULTS: Sleep efficiency and sleep fragmentation on actigraphy correlated with
minimal SpO2

(r2 � 0.21, P � .004, and r2 � �0.10, P � .050, respectively) and the percentage of
night time with SpO2

< 90% (r2 � �0.33, P < .001, and r2 � 0.13, P � .028, respectively) in the
NH group. Sleep efficiency and sleep fragmentation also correlated with pulse rate standard devi-
ation (r2 � �0.42, P < .001, and r2 � 0.37, P < .001, respectively). No correlation was observed
between sleep efficiency and sleep fragmentation and PtcCO2

. No correlation was observed between
sleep efficiency and sleep fragmentation and SpO2

, PtcCO2
, and pulse rate in the PC-NH group. Sleep

efficiency, sleep fragmentation, and nocturnal SpO2
, and PtcCO2

were all normal and not correlated
in the no-NH group. CONCLUSIONS: In children with nocturnal hypoventilation, nocturnal hy-
poxemia but not hypercapnia correlates with sleep efficiency and sleep fragmentation on actigra-
phy. Key words: actigraphy; child; hypoxemia; pulse oximetry; sleep efficiency; sleep fragmentation.
[Respir Care 2012;57(11):1937–1944. © 2012 Daedalus Enterprises]

Introduction

Obstructive sleep apnea (OSA) is a common disorder in
children, characterized by repetitive episodes of upper air-

way narrowing and breathing pauses.1 Its main cause is
hypertrophy of the adenoids and the tonsils. Obstructive
apneas are often followed by an arousal, leading to sleep
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fragmentation and poor sleep quality. During an apnea,
slowing of the heart rate may occur, with an acceleration
of heart rate during the arousal, due to the activation of the
sympathetic nervous system.2,3 The most severe OSA
events may be accompanied by nocturnal desaturations
and periods of alveolar hypoventilation with hypercapnia.

Children with neuromuscular or lung disease may pres-
ent with periods of alveolar hypoventilation during sleep
in the absence of obstructive events. The demonstration of
nocturnal hypoxia and hypercapnia in these patients con-
stitutes an indication for noninvasive ventilation (NIV),
which aims to normalize alveolar ventilation.4-7 However,
sleep quality has been poorly studied in these patients,
and, in particular, the correlation between nocturnal gas
exchange and sleep efficiency during spontaneous breath-
ing and NIV.

Polysomnography (PSG) is widely accepted as the
gold standard for the diagnosis of OSA, and the apnea-
hypopnea index is generally used for the quantification of
OSA severity.1 As such, the deleterious consequences of
OSA have been mainly correlated to this index, and to a
lesser extent to gas exchange anomalies. PSG is time con-
suming, expensive, technically demanding, and not feasi-
ble on a routine basis. Simpler alternative investigations
are thus necessary for the recording of sleep characteristics
of larger populations. One of these alternatives is actigra-
phy, which consists of wrist movement recording by a
piezoelectric accelerometer. Actigraphy has been shown to
give an acceptable estimation for sleep efficiency and num-
ber of awakenings in adults8,9 and children.10,11 Even if it
is admitted that actigraphy provides only a fair indication
of the level of arousal from sleep in children, by identify-
ing mainly arousals accompanied by movements, and that
the fragmentation index from this technique is not as ac-
curate as the traditional sleep fragmentation measured on
PSG, the simplicity of its use may be helpful to evaluate
sleep quality outside the sleep laboratory.11-13 The diag-
nosis of alveolar hypoventilation requires the recording of
pulse oximetry (SpO2

) or transcutaneous oxygen (PtcO2
) and

transcutaneous carbon dioxide (PtcCO2
) or exhaled CO2.

New simple devices are available that allow a continuous
noninvasive monitoring of CO2. One of these devices is
the SenTec Digital Monitor (SenTec, Therwil, Switzer-
land), which measures SpO2

and PtcCO2
and has been vali-

dated in children.14 As pulse rate variability is a well-
known index of sleep fragmentation, this variable may be
analyzed simultaneously to complete the actigraphy data.15

The aim of our study was to analyze the correlation
between objective sleep quality evaluated on actigraphy,
nocturnal hypoxemia and hypercapnia, and pulse rate vari-
ability in children having various chronic conditions, by
means of 2 simple noninvasive devices, a SpO2

/PtcCO2
mon-

itor and actigraphy. Indeed, our hypothesis is that acti-
graphic sleep efficiency and sleep fragmentation correlate

with nocturnal hypoxemia and hypercapnia, independently
of the underlying disease. As such, the nocturnal gas ex-
change and actigraphic data of children with overt noctur-
nal hypoventilation were compared to those of children
with partially corrected and normal nocturnal gas exchange.

Methods

Subjects

The study was performed in a university pediatric pul-
monology department, in children who were candidates
for NIV because of various underlying conditions respon-
sible for abnormal nocturnal gas exchange. As the aim of
our study was to analyze the correlation between nocturnal
hypoxemia and hypercapnia and objective sleep quality,
consecutive patients were recruited prospectively and clas-
sified a priori into 3 groups, as follows. Children on any
medication that could affect sleep were excluded. The first
group comprised 38 consecutive children with nocturnal
alveolar hypoventilation, defined by nocturnal hypoxemia
and hypercapnia (NH group). Nocturnal hypoventilation
was defined by a minimal SpO2

� 90% for at least 5
consecutive minutes and/or for � 10% of night time, and
a PtcCO2

� 50 mm Hg for at least 5 consecutive minutes
and/or � 10% of night time. Criteria for NIV were noc-
turnal hypoxemia with an SpO2

� 90% for � 10% of
nocturnal recording time and/or nocturnal hypercapnia with
a PtcCO2

� 50 mm Hg for � 10% of night time. The second
group comprised 25 other subjects with partially corrected
nocturnal hypoventilation (PC-NH group): that is, subjects
evaluated during the first days of adaptation to NIV, when
an incomplete correction of nocturnal hypoxemia and hy-
percapnia was observed. The last group of subjects com-
prised patients without nocturnal hypoventilation, defined
as nocturnal SpO2

� 90% and PtcCO2
� 50 mm Hg. This

QUICK LOOK

Current knowledge

There is a correlation between obstructive sleep events
and sleep quality in both adults and children. The cor-
relation between nocturnal hypoxemia and hypercapnia
and sleep efficiency and sleep fragmentation in children
is not well described.

What this paper contributes to our knowledge

In children with nocturnal hypoventilation, nocturnal
hypoxemia correlates with sleep efficiency and sleep
fragmentation on actigraphy. A similar correlation was
not seen for hypercapnia.
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group comprised 11 subjects, 7 subjects perfectly well
controlled by NIV, and 4 subjects with cured nocturnal
alveolar hypoventilation (no-NH group). The subjects suf-
fered from various diseases, listed in Table 1. In order to
have a homogenous population with regard to daytime gas
exchange, only subjects with normal daytime blood gases
were included.16 Although the sleep recordings could have
been performed at home,17 all the recordings were per-
formed in a single quiet room of the pediatric pulmonol-
ogy department.

Exclusion criteria were: age � 1 year, because the ear
clip of the combined SpO2

/PtcCO2
monitor is too large for

small infants; dark skin, because of inaccurate SpO2
values,

as has been observed with other devices18; and impaired
mobility of the upper limbs, which may underestimate
actigraphy data.

All the parents and, if possible, the subjects gave in-
formed written consent for the study, which was approved
by the local ethical committee.

Overnight SpO2
and PtcCO2

Recording by the
Combined SpO2

/PtcCO2
Monitor

The overnight SpO2
and PtcCO2

recording was performed
by a monitor (SenTec Digital Monitor, software version
SMB SW-V06.10, MPB SW-V04.03, V-Sign sensor and
ear clip, SenTec, Therwil, Switzerland). This fully digital
sensor combines the elements of an electrochemical Sev-
eringhaus-type CO2 tension sensor with the optical ele-
ments of a conventional SpO2

sensor, thus providing non-
invasive and continuous PtcCO2

and SpO2
monitoring. Prior

to the application of the sensor to the subject, the sensor
was prepared and calibrated as per the manufacturer’s rec-
ommendations. The sensor was then applied to the sub-
ject’s earlobe. Effective recording was started after 15 min,
which is the time required for the stabilization of the PtcCO2

and SpO2
values.14 All the recordings were performed in

room air.

Overnight Actigraphy

During the same night, actigraphy recording (Actiwatch,
Cambridge Neurotechnology, Cambridge, United King-
dom) was performed at the non-dominant wrist. Actigra-
phy settings were chosen so that data were stored in 1-min-
ute epochs. Actiwatch is a lightweight, wrist-worn activity
monitoring system in which an accelerometer monitors the
occurrence and extent of motion. The extent and speed of
motion are integrated to produce activity counts or the
number of times per epoch that the signal crosses thresh-
old (set very close to zero). Activity count is a generic
term used to denote the amplitude of the signal produced
by the accelerometer in the Actiwatch. The number of
counts is proportional to the intensity of the movement.
The system works as follows: a bar shaped accelerometer
flexes when the Actiwatch is moved, producing a voltage
in the sensor. The degree and force of flexing influences
the voltage, which is translated into activity counts.

Data Analysis

The combined SpO2
/PtcCO2

monitor and actigraphy re-
cordings were started simultaneously, at usual bed time,
and care was taken to respect the subject’s sleep. The
monitoring lasted at least 6 hours, and sleep and the cor-
rect positioning of the ear clip were regularly checked by
the attending nurse during the night.

The combined SpO2
/PtcCO2

monitor used a fixed 3-sec-
ond averaging time for pulse rate and stored in memory a
new value every 2 seconds. SpO2

, pulse rate, and PtcCO2

Table 1. Recordings and Characteristics of the Subjects

NH
Group

(n � 38)

PC-NH
Group

(n � 25)

No-NH
Group

(n � 11)

Age, mean � SD, y 9.4 � 5.3 10.7 � 5.4 9.0 � 3.6
Underlying Conditions, no.

Cystic fibrosis 7 1
Idiopathic obstructive sleep apnea 5 3 5
Diaphragmatic paralysis 3 2
Vocal cord paralysis 3 3
Willy Prader syndrome 3 1 1
Pierre Robin syndrome 2 3 2
Steinert disease 2
COPD 2 1
Thoracic scoliosis 2 2
Wiedman-Beckwith syndrome 1
Osteogenesis imperfecta 1
Tracheomalacia 1
Laryngomalacia 1 1
Bronchiectasis � immune

deficiency
1

Congenital myopathy 1
Charge syndrome 1
Lung graft versus host disease 1 1
Bronchopulmonary dysplasia 1
Franceschetti syndrome 2
Neonatal paraplegia 1
Marfan disease 1
Hemifacial hypoplasia 1
Thoracic Gorham disease 1
Ehlers Danlos syndrome 1
Down syndrome and glossoptosis 1
Sequelae of ARDS 1
Achondroplasia 1

NH � nocturnal hypoventilation
PC-NH � partially corrected nocturnal hypoventilation
No-NH � no nocturnal hypoventilation
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were extracted and analyzed using software (version SMB
SW-V06.10, MPB SW-V04.03). This program provided
metrics for oxygenation, pulse rate, pulse rate variability,
and PtcCO2

, and calculated: mean SpO2
; minimum SpO2

;
number of desaturations � 4%/h of study; percent of time
spent with SpO2

� 92% and 90%; mean and maximum
PtcCO2

; the time spent with PtcCO2
� 50 mm Hg; mean,

median, minimum, maximum, and standard deviation of
pulse rate; and the frequency of pulse rate rises by � 6, 10,
and 15 beats/min (pulse rate index [PRRI-6, PRRI-10,
PRRI-15]). The standard deviation (SD) of pulse rate was
used to estimate pulse rate variability above the entire
recording. Periods of SpO2

/PtcCO2
and actigraphy recording

were excluded from analysis if the SpO2
quality signal

indicated a low signal, low perfusion, unrecognized, de-
fective, or no sensor, or interference.

The actigraphy data were assessed using the algorithm
supplied by the Actiwatch sleep analysis software. The
Actiwatch arousal threshold was set at an integrated ac-
tivity count of 40 movements within a 1-minute epoch.
Light off and light on were determined either using the
information from the Actiwatch event marker or by the
diary of the attending nurse. Sleep onset was determined
manually by the scorer as initiation of a sequence of 10 or
more consecutive epochs of inactivity after light off. End
of sleep was defined as the start of a sequence of 10
consecutive minutes containing activity counts above the
threshold of 40 activity counts at get-up time, followed by
continuous activity. Sleep efficiency was calculated by the
program as the percentage of time spent asleep between
sleep onset and sleep offset. Fragmentation index mea-
sures restlessness, and was calculated by summing the
percentage of minutes spent moving with the percentage
time spent in the immobility phase per minute.

The computer of the SenTec monitor and the computer
setting up the actigraph were synchronized to a standard
time.

Statistical Analysis

Data are presented as mean � SD. Comparisons be-
tween groups were conducted using one way analysis of
variance, followed by a pair-wise multiple comparison test
(Holm-Sidak test). Correlations between the gas exchange
data (SpO2

and PtcCO2
), the actigraphy data (sleep efficiency

and fragmentation index), and pulse rate were assessed
using simple linear regression analysis. A P value of � .05
was considered statistically significant.

Results

Subjects

The underlying conditions of the subjects are summa-
rized in Table 1. The mean age of the subjects was com-

parable among the 3 groups. The majority of the subjects
suffered from upper-airway obstruction, lung disease, or
thoracic deformity.

Overnight SpO2
, PtcCO2

, and Actigraphy Data

Mean actual sleep time, sleep efficiency and fragmen-
tation index were significantly better in the no-NH group,
as compared to the NH group, the PC-NH group harboring
intermediate results (Table 2). Table 3 shows the gas ex-
change and pulse rate data of the 3 groups of subjects. As
expected, minimal SpO2

and the percent of time spent with
a PtcCO2

� 50 mm Hg were significantly better in the
no-NH group, as compared to the NH group, with the
PC-NH group harboring again intermediate results. There
was a trend for a lower percentage of time spent with SpO2

� 90% and 92%, a lower desaturation index, and a lower
maximal PtcCO2

in the no-NH group, as compared to the 2
other groups, but the difference was not statistically dif-
ferent. The pulse rate data did not differ among the 3
groups, except for PRRI-6, which was significantly
higher in the no-NH group, as compared to the 2 other
groups.

Correlation Between Overnight SpO2
, PtcCO2

, and
Actigraphy Data

In the NH group, sleep efficiency and fragmentation
index correlated with minimal SpO2

(r2 � 0.21, P � .004,
and r2 � �0.10, P � .050, respectively) (Fig. 1) and the
night time spent with SpO2

� 90% (r2 � �0.33, P � .001,
and r2 � 0.13, P � .028, respectively). Sleep efficiency
and sleep fragmentation correlated also with standard de-
viation of pulse rate (r2 � �0.42, P � .001, and r2 � 0.37,
P � .001, respectively) (Fig. 2), and the frequency of
PRRI-6 (r2 � �0.33, P � .001, and r2 � 0.13, P � .028,

Table 2. Actigraphy Data

NH
Group

(n � 38)

PC-NH
Group

(n � 25)

No-NH
Group

(n � 11)
P

Actual sleep time, min 369 � 98 390 � 95* 418 � 60†‡ � .001
Sleep efficiency, % 78 � 11 81 � 8* 92 � 5§� � .001
Fragmentation index 34 � 16 32 � 16 21 � 9†¶ .01

Data presented as mean � SD.
* P � .004 between the NH group and the PC-NH group.
† P � .002 between the no-NH group and the NH group.
‡ P � .001 between the no-NH group and the PC-NH group.
§ P � .001 between the no-NH group and the NH group.
� P � .001 between the no-NH group and the NH group.
¶ P � .006 between the no-NH group and the NH group.
NH � nocturnal hypoventilation
PC-NH � partially corrected nocturnal hypoventilation
No-NH � no nocturnal hypoventilation
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respectively), PRRI-10 (r2 � �0.33, P � .001, and r2

� 0.15, P � .034, respectively), and PRRI-15 (r2 � �0.33,
P � .001, and r2 � 0.33, P � .007, respectively) (Fig. 3).
No correlation was observed between sleep efficiency and
sleep fragmentation and PtcCO2

.
In the PC-NH group, despite the presence of mild noc-

turnal hypoxemia and hypercapnia, no correlation was ob-
served between sleep efficiency and sleep fragmentation
and SpO2

, PtcCO2
, and pulse rate variability.

In the no-NH group, sleep efficiency, sleep fragmenta-
tion, SpO2

, and PtcCO2
were all within the normal range and

were not correlated.

Discussion

This study is the first to analyze the correlation between
nocturnal gas exchange and objective sleep quality deter-
mined on actigraphy in children having different levels of
alveolar hypoventilation. The main observations of our

study are that: in children with nocturnal hypoventilation,
nocturnal hypoxemia, but not hypercapnia, is associated
with lower sleep efficiency and a higher fragmentation
index; and that nocturnal gas exchange, sleep efficiency,
and sleep fragmentation may improve during NIV or after
the cure of the underlying disease.

Our hypothesis was that nocturnal hypoxemia and hy-
percapnia, independently of the underlying disorder, are
associated with lower sleep efficiency and greater sleep
fragmentation. However, we observed this correlation only
for nocturnal hypoxemia and not for nocturnal hypercap-
nia. This may be explained by the rapidity of SpO2

changes,
as compared to the more progressive and less variable
PtcCO2

changes.19 Another hypothesis may be that noctur-
nal hypercapnia does not impair sleep efficiency in chil-
dren to the same extent as SpO2

. Indeed, whatever the
analyses of PtcCO2

(mean value, maximal value, or amount
of time spent above 50 mm Hg), we were not able to
demonstrate any effect of PtcCO2

on actigraphy sleep effi-
ciency or sleep fragmentation.

The correlation of nocturnal hypoxemia and sleep effi-
ciency and sleep fragmentation was observed only in the
NH group, who had the most severe alterations in noctur-
nal gas exchange. The PC-NH group had mild alveolar
hypoventilation because the subjects were not adapted to
NIV. The lack of correlation of nocturnal hypoxemia and
sleep efficiency and sleep fragmentation in this group may
be explained by the mild impairment in gas exchange, the
small number of subjects, or the presence of the ventilator.
Indeed, the presence of the ventilator acts as an external
event interfering with the subject’s gas exchange and sleep
quality.19 During NIV, patient-ventilator synchrony or leaks
may affect sleep quality, as a correlation has been ob-
served between the severity of nocturnal desaturation and
patient-ventilator asynchrony.20 The negative impact of
unintentional leaks during long-term NIV on sleep archi-
tecture, as well as the improvement in sleep quality after
the correction of leaks, has been shown in several stud-
ies.21,22 However, subjective sleep quality may be normal
in children during long-term NIV, even if they remain
hypercapnic,14 and the objective sleep quality was normal
in the 7 subjects who did not have any residual nocturnal
hypoventilation with NIV in the present study.

Most studies analyzing the deleterious consequences of
sleep-disordered breathing have concerned children with
OSA. OSA is associated with poor sleep quality and car-
diovascular stress. Indeed, pulse rate variability is higher
in children with OSA, as compared to controls,23,24 and
decreases after adenotonsillectomy.25 This seems to be
caused by an increased sympathetic activity, as documented
by the attenuation of peripheral arterial tonometry, a non-
invasive measure of moment to moment sympathetic nerve
activity, in children with OSA.26,27 In the present study,
the cardiovascular consequences of poor sleep quality and

Table 3. Gas Exchange and Pulse Rate Data

NH
Group

PC-NH
Group

no-NH
Group

P

Minimal SpO2
, % 85 � 7 88 � 5 90 � 4* .02

Percent time SpO2

� 92%, %
4 � 12 4 � 20 0 .58

Percent time SpO2

� 90%, %
1 � 2 4 � 20 0 .42

Desaturation index 6 � 9 6 � 12 2 � 2 .12
Maximal PtcCO2

,
mm Hg

51 � 7 48 � 5 46 � 3 .55

Percent time PtcCO2

� 50 mm Hg, %
20 � 31 11 � 26 0† .006

Mean pulse rate,
beats/min

76 � 17 79 � 12 72 � 10 .13

Maximal pulse rate,
beats/min

112 � 19 117 � 12 109 � 14 .08

Pulse rate standard
deviation

15 � 6 14 � 3 13 � 3 .11

PRRI-6 17 � 4 19 � 6 38 � 22‡§ � .001
PRRI-10 13 � 6 14 � 5 17 � 12 .10
PRRI-15 9 � 5 9 � 3 8 � 6 .80

Data are presented as mean � SD.
* P � .03 between the no-NH group and the NH group
† P � .05 between the no-NH group and the PC-NH group
‡ P � .01 between the no-NH group and the NH group
§ P � .03 between the no-NH group and the PC-NH group
NH � nocturnal hypoventilation
PC-NH � partially corrected nocturnal hypoventilation
No-NH � no nocturnal hypoventilation
Percent time SpO2 � 92% � percent of actual sleep time spent with SpO2 � 92%
Percent time SpO2 � 90% � percent of actual sleep time spent with SpO2 � 90%
PtcCO2 � transcutaneous carbon dioxide pressure
Percent time PtcCO2 � 50 � percent of actual sleep time spent with transcutaneous carbon

dioxide pressure � 50 mm Hg,
PRRI � pulse rate index
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sleep fragmentation were analyzed by means of pulse rate
variability and PRRI. Normal values for pulse rate vari-
ability in children have been published.28 In healthy sub-
jects, pulse rate variability is related to respiratory sinusal
arrhythmia due to parasympathetic modulation. Con-
versely, pulse rate variability is due to sympathetic acti-
vation in patients with upper-airway obstruction. In the
present study, we analyzed subjects with moderate noc-
turnal hypoxemia and hypercapnia during SB. Most of
these subjects had upper-airway obstruction or lung dis-
orders characterized by an increase in respiratory load.29,30

This increase in respiratory load is associated with an in-
crease in intrathoracic pressure changes and sympathetic
activation. The correlation of sleep efficiency and sleep
fragmentation with pulse rate variability in these subjects
may thus be explained by the presence of upper-airway

obstruction and/or increase in respiratory load. Also, the
intermediate sleep efficiency and sleep fragmentation val-
ues in the PC-NH group may be explained by the incom-
plete correction of the respiratory load.

It is probable that the comparable PRRI-10 and PRRI-15
values in the 3 groups of subjects underlie a different
mechanism. As such, an analysis in domain frequency
would be of interest to differentiate the mechanisms of
pulse rate variability in these groups of subjects. Indeed, a
noninvasive analysis of heart rate variability based on non-
invasive electrocardiogram recording would be very con-
tributive within this context.31 But, most importantly, a
correlation between pulse rate variability and sleep quality
was observed only in the NH group.

Sleep quality was evaluated by actigraphy and not by
PSG. PSG is the gold standard for the diagnosis of sleep-

Fig. 1. Left: Correlation between minimum SpO2
and sleep efficiency, assessed by wrist actigraphy in children with nocturnal hypoventilation.

Right: Correlation between minimum SpO2
and fragmentation index, assessed by wrist actigraphy in children with nocturnal hypoventilation.

The 3 subjects with the most severe nocturnal hypoxemia are represented by open circles.

Fig. 2. Left: Correlation between pulse rate standard deviation and sleep efficiency, assessed by wrist actigraphy in children with nocturnal
hypoventilation. Right: Correlation between pulse rate standard deviation and fragmentation index assessed by wrist actigraphy in children
with nocturnal hypoventilation. The 3 subjects with the most severe nocturnal hypoxemia are represented by open circles.
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disordered breathing, but this investigation is technically
demanding and difficult to perform on a routine basis in a
pediatric pulmonology department. For this reason, we
took the option to combine nocturnal actigraphy with si-
multaneous recording of gas exchange. Because of its min-
imal invasiveness and excellent local tolerance, this mon-
itoring may better respect natural sleep in children.17

Previous studies have reported a close agreement between
PSG and actigraphy for total sleep time and sleep effi-
ciency in children and adults.9,10 However, actigraphy pro-
vides a less reliable indication of the level of arousal from
sleep in children than PSG11 and may also overestimate
sleep latency, total sleep time, and sleep efficiency.12 But
the aim of our study was not to diagnose OSA, but to look
for a correlation between nocturnal gas exchanges and
simple and easy indices of sleep efficiency and sleep frag-
mentation. Of note, none of the subjects had severe noc-
turnal hypoxemia or hypercapnia (see Table 3).

Sleeping in an unfamiliar environment such as a hospi-
tal may affect sleep quality. Although SpO2

/PtcCO2
record-

ings and actigraphy may be performed at home,17 we took
the option to perform all the recordings in the hospital. An
acclimatization effect on sleep quality was improbable be-
cause all the subjects had slept in the pediatric department
al least once before the study. None of the subjects was
hypoxemic or hypercapnic while awake, which excludes
an effect of chronic daytime hypercapnia or hypoxemia on
sleep quality. However, the maximal changes in SpO2

and
PtcCO2

between awake and sleep may have differed be-
tween subjects and may affect sleep quality, as well as the
cause of nocturnal hypoxemia and/or hypercapnia. The
heterogeneity of the population may be considered as a
limitation of the study, as other factors, such as nocturnal

cough for a patient with cystic fibrosis, or position for a
patient with OSA syndrome, may affect sleep quality. But
this heterogeneity may also strengthen our results, as the
correlation between nocturnal hypoxemia and sleep qual-
ity was observed for the population as a whole. NIV may
affect sleep quality, as discussed above, but it may also
improve sleep quality, either directly, by suppressing the
events causing an arousal, or artificially, by restricting the
patient’s movements. However, the sleep parameters of
the 7 subjects perfectly well controlled by NIV were not
significantly different from the 5 subjects with normal
nocturnal gas exchange after the cure of the primary dis-
ease. These results also show that nocturnal gas exchange
and sleep quality may be normal during NIV in children,
allowing us, in our opinion, to combine the results of these
2 groups of subjects. We identified the 3 subjects with the
most severe nocturnal hypoxemia with a different symbol
(see Figs. 1 to 3). Indeed, the correlation of minimal SpO2

with sleep efficiency and the fragmentation index was no
longer significant after the exclusion of these patients,
underlining the necessity of the confirmation of our data in
a larger group of subjects with severe nocturnal hypox-
emia. Finally, nocturnal CO2 was analyzed by means of a
transcutaneous monitor, which has been validated in our
laboratory but whose time response is slower, compared to
capnography.

Conclusions

In conclusion, this study is the first to show by means of
2 simple noninvasive devices monitoring gas exchange
and wrist movements, that nocturnal hypoxemia, but not
nocturnal hypercapnia, correlates with sleep efficiency and

Fig. 3. Left: Correlation between the frequency of pulse rate rises by more than 15 beats/min and sleep efficiency, assessed by wrist
actigraphy in children with nocturnal hypoventilation. Right: Correlation between the frequency of pulse rate rises by � 15 beats/min and
fragmentation index assessed by wrist actigraphy in children with nocturnal hypoventilation. The 3 subjects with the most severe nocturnal
hypoxemia are represented by open circles.
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sleep fragmentation and pulse rate variability in children
with nocturnal hypoventilation. However, a validation of
this observation by standard PSG in larger groups of chil-
dren, before and after treatments such as NIV, is war-
ranted.
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