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Little is known regarding sleep architecture in children with the
obstructive sleep apnea syndrome (OSAS). We hypothesized that
sleep architecture was normal, and that apnea increased over the
course of the night, in children with OSAS. We analyzed polysom-
nographic studies from 20 children with OSAS and 10 control sub-
jects. Sleep architecture was similar between the groups. Of ob-
structive apneas 55% occurred during rapid eye movement (REM)
sleep. The apnea index, apnea duration, and degree of desatura-
tion were greater during REM than non-REM sleep. OSAS data
from the first and third periods of the night (periods A and C)
were compared. Both the overall and the REM apnea index in-
creased between periods A and C (11 to 25/h, p < 0.02; and 24 to
51/h, p < 0.01, respectively). There was no difference in Sag, over
time. Spontaneous arousals, but not respiratory-related arousals,
were more frequent during non-REM than REM sleep; these did
not change from periods A to C. We conclude that children with
OSAS have normal sleep stage distribution. OSAS is predominantly
a REM phenomenon in children. Obstructive apnea worsens over
the course of the night, independent of the changing amounts of
REM sleep. We speculate that this increase in apnea severity may
be secondary to upper airway muscle fatigue, changes in upper
airway neuromotor control, or changesin REM density.

The obstructive sleep apnea syndrome (OSAS) in children is a
disorder of breathing during sleep characterized by prolonged
partial upper airway obstruction and/or intermittent complete
obstruction that disrupts normal ventilation during sleep and
normal sleep patterns (1). Childhood OSAS is not simply
adult OSAS in little people, and adult definitions and criteria
are not applicable to children (1, 2). Adults with OSAS fre-
quently have fragmented sleep. In contrast, children with
OSAS often do not have cortical arousals in response to ob-
structive apneas (3), and may therefore have preservation of
their sleep architecture. However, few systematic studies of
sleep architecture have been performed in children with
OSAS, and the effects of different sleep stages on sleep-disor-
dered breathing have not been described in detail. Worsening
of respiratory parameters through the night has been de-
scribed in obstructive sleep apnea in adults (4), but data are
not available for children. This information may shed some
light on the understanding of the disease pathophysiology and
mechanisms involved in the termination of apnea events in
children. We hypothesized that because children with OSAS
do not have frequent cortical arousals, sleep architecture
would not differ between children with OSAS and control
subjects. Further, based on our clinical observations, we hy-
pothesized that obstructive apneas would worsen over the
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course of the night, with increases in apnea density and apnea-
related desaturation.

METHODS
Study Group

We retrospectively analyzed overnight polysomnographic studies from
otherwise healthy children aged 2-12 yr, performed between June
1996 and March 1997. The first 20 consecutive subjects with an apnea
index greater than 10 were selected. Subjects had no medical condi-
tions apart from suspected OSAS secondary to adenotonsillar hyper-
trophy, based on history, and were referred for a sleep study to rule
out obstructive sleep apnea. All patients with suspected gastroesoph-
ageal reflux (i.e., studies with pH probes) were excluded. Patients
with a history of prior treatment of OSAS (including tonsillectomy
and adenoidectomy, or continuous positive airway pressure [CPAP]
therapy) referred for reevaluation were also excluded from this study.
Patients were compared to age-matched, asymptomatic, nonsnoring
control subjects who had been previously recruited from the commu-
nity as control subjects for other studies (5-7).

Polysomnography

Standard polysomnography consisted of electroencephalogram (C3/A2,
C4/A1, O1/A2), electromyogram (submental and tibial), electrooculo-
gram (right/left), Sag, (Nellcor N-1000, Van Nuys, CA), oximeter pulse
waveform, end-tidal carbon dioxide tension (Nellcor N-1000), oronasal
airflow (thermistor), thoracic and abdominal wall motion (piezoelectric
bands), electrocardiography, and a body position sensor. Studies were
performed on a computerized system (Alice 3; Healthdyne, Marietta,
GA). Subjects were also recorded on videotape, using an infrared video
camera, and were continuously observed by a polysomnography techni-
cian. Patients arrived in the laboratory at 8:00 p.M., and studies were termi-
nated at 5:00 A.m.

Sleep studies were interpreted according to standard pediatric cri-
teria (1). The apnea index was defined as the number of obstructive
and mixed apneas, of at least two respiratory cycles duration, per hour
of total sleep time (1, 8). Hypopneas were defined as a qualitative re-
duction in thermistor airflow = 50% , associated with desaturation
= 4% . However, as the definition of hypopneas has not been stan-
dardized in children (1) (nor, indeed, in adults [9]), hypopneas were
not analyzed in detail. For assessment of arterial oxygen saturation,
the Sagp, nadir and mean Sap, were determined. Sag, measurements
associated with a poor pulse waveform were discounted. An Sag,
nadir < 92% was considered abnormal (8). The mean and peak end-
tidal Pco, (PET¢p,) were determined. PETco, measurements associ-
ated with a poor waveform were discounted. Hypoventilation was as-
sessed by measuring the percentage of total sleep time with PET¢q,
= 50 mm Hg (10). Sleep architecture was scored in 30 s epochs ac-
cording to the criteria outlined by Rechtschaffen and Kales (11). Be-
cause there is no consensus on definitions for pediatric arousals,
arousals were defined according to the standard American Sleep Dis-
orders Association criteria (12). They were classified as respiratory-
related (occurring immediately after an apnea or hypopnea), techni-
cian-induced (related to external disturbances) or spontaneous (not
associated with any of the above). The arousal index was calculated as
the number of arousals per hour of total sleep time.

Data Analysis

All data were analyzed by a single investigator to ensure consistency,
and all polysomnograms were scored by a single experienced sleep
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technologist and subsequently reviewed by the principal investigator.
The total sleep time was divided into equal thirds (periods A, B, and
C) and data were compared between periods A and C, as well as be-
tween rapid eye movement (REM) and non-REM (NREM) sleep, and
between stage 1, stage 2, and slow wave sleep (SWS). Six subjects did
not have any REM sleep during period A; their data were excluded
from REM-related analyses. For the analysis of desaturation episodes
(ASag,), the pre- and postapnea Sap, was calculated. The pre value
was taken at the start of each obstructive event and the post value was
the lowest value attained within 6 s of the end of the event, due to the
time delay of the oximeter. Analysis of changes in end-tidal Pco, in the
breaths immediately following apneas was not possible, due to varia-
tions in waveform quality in the first few nonobstructed breaths.

Comparison between study and control subjects was performed
using the two-tailed, unpaired ¢ test. For nonparametric data, statisti-
cal analysis was performed using the Wilcoxon signed rank test. Data
that were normally distributed are shown as mean * standard devia-
tion; skewed data are shown as median and interquartile range. A
p value < 0.05 was considered significant.

RESULTS

Study Group

A total of 418 sleep studies were performed during the 9-mo
period, of which 36% were excluded because they were spe-
cial studies (e.g., CPAP or pH studies), and 26% were ex-
cluded because the patients had congenital syndromes or
chronic disease. Of the remaining 38% of studies, 74% dem-
onstrated apnea indices of 0-4/h, 7% 5-9/h, and 19% = 10/h.
The first 20 studies from the latter group were chosen for anal-
ysis, and compared with the studies of 10 age-matched con-
trols. All patients with OSAS presented with chief complaints
of snoring and difficulty breathing at night. Four of the sub-
jects with OSA S were obese (body mass index > 95th percen-
tile for age) (13). Subject characteristics are shown in Table 1.

Sleep Architecture in OSAS Compared to Control Subjects

The percentage of total sleep time spent in various sleep stages
did not differ significantly between patients with OSA S and con-
trol subjects (Table 1). However, children with OSAS did have
significantly more arousals from sleep than control subjects.

TABLE 1

POPULATION CHARACTERISTICS AND
POLYSOMNOGRAPHIC RESULTS*

OSAS Controls

n 20 10
Age, yr 5+3 62
Male, n (%) 13 (65) 3 (30)
Body massindex, kg/m? 19.2 + 8.3 16.6 + 2.0
Total recording time, min 449 + 32 473 £ 65
Total sleep time, min 386 + 31 390 + 46
Seep efficiency, % 86 + 6 84 + 13
Arousal index, n/h 11 + 4t 5+2
Stage 1, %TST 4+2 5+3
Stage 2, % TST 48 +9 51 +9
Sow wave sleep, %TST 26 =8 26 +8
Rapid eye movement sleep, % TST 22+ 6 19+£6
RBM cycles, n 5+x2 4 +1
Apneaindex, n/h TST 22.8 +8.7" 0.0 £ 0.1
Sag, nadir, % 74 + 151 95 + 1
Peak Perco,, mm Hg 55 = 7t 46 £ 3
Duration of hypoventilation (Perco, = 50 mm

Hg), %TST 11 £ 17% 0+0

Definition of abbreviations. OSAS = obstructive sleep apnea syndrome; Pergo, = end-
tidal Pcop; RBM = rapid eye movement; TST = total sleep time.

* All data displayed as mean =+ SD unless otherwise specified.

Tp <0.001.

#p < 0.005.
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Figure 1. The percentage of obstructive apneas occurring in the differ-
ent sleep stages are shown. SWS, slow wave sleep; RBM, rapid eye
movement sleep.

Sleep State and Obstructive Apneas

In patients with OSAS, the majority (55% ) of all obstructive
apnea events occurred during REM sleep, though REM ac-
counted for only 22% of total sleep time (Figure 1). The over-
all apnea index was significantly higher during REM com-
pared with NREM sleep: 56 (38,68 [median, interquartile range])
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Figure 2. The changes in sleep architecture over the course of the
night are shown. Period A, first third of the night; period B, middle
third; period C, last third. TST, total sleep time; SWS, slow wave sleep;
REM, rapid eye movement sleep. *p < 0.001 for A versus C.
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TABLE 2

CHANGES IN GAS EXCHANGE OVER THE COURSE OF THE NIGHT*

Period A Period C
Mean Sao,, % 97 (96,98) 97 (95,98)
Sap, nadir, % 86 (75,90) 1(70,86)
Duration Sag, < 92%, % TST 2 (0,5) 3 (1,16)
Mean Pergo,, mm Hg 42 (40,45) 42 (38,44)
Peak Petgo,, mm Hg 52 (49,54) 53 (49,58)
Duration Pergo, = 50 mm Hg, % TST 1(0,6) 1(0,4)

Definition of abbreviations. Perco, = end-tidal Pco,; TST = total leep time.

* All data displayed as median (interquartile range). There were no significant differ-

ences between groups.

versus 9 (6,16)/h, p < 0.001). Obstructive apneas were rare
during SWS. Sleep state specific apnea indices were 22 (5,43)/h
sleep for stage 1, 11 (7,23)/h for stage 2, 2 (0,5)/h for SWS, and
56 (38,68)/h for REM sleep. As with complete apneas, hypo-
pneas were also more common during REM than NREM
sleep (p < 0.02).

The median obstructive apnea duration (MAD) was higher
in REM than NREM sleep (12 [10,14] versus 10 [9,11] s, p <
0.005). There was a tendency for the MAD to be highest in
REM and lowest in SWS, but this did not reach significance
(stage 1, 9 [8,10] s; stage 2, 10 [8,12] s; SWS, 9 [7,10] s; and
REM, 12[10,14] s).

Spontaneous arousals, but not respiratory-related arousals,
were more frequent during NREM than REM sleep (sponta-
neous arousals: 3 [2,4] versus 1 [0,2]/h, p < 0.002; respiratory
arousals: 1 [1,4] versus 3 [1,6]/h, NS).

The preapnea Sap, was slightly lower during REM than
NREM sleep (96 [95,98] versus 97 [96,98]% , p < 0.001). The
ASag, following apneas was significantly lower during REM
than NREM sleep (4 [2,7] versus 1 [0,3]%, p < 0.001).

Progression of Sleep and Apnea Characteristics
Through the Night

The amount of REM sleep as a percentage of total sleep time
(TST) increased from period A to C (p < 0.001), whereas the
amount of SWS decreased from period A to C (p < 0.001)
(Figure 2). Six subjects had no REM sleep during period A;
these subjects were excluded from REM-related analyses. The
amount of stage 1 and 2 sleep did not change significantly be-
tween the first and last thirds of the night.

There were no significant differences in the patients’ sleep
position between the first and last thirds of the night, although
there was a tendency for patients to spend less time on their
side and more time supine during the first third of the night
than the last third [60 (37,83)% of time on the side, 43 (21,70)%

supine, and 24 (16,31)% prone during period A versus 81
(63,100)% , 24 (7,62)% , and 22 (17,31% ), respectively, for pe-
riod C]. Gas exchange values for the first third of the night
compared with the last third are shown in Table 2. There were
no significant differences in the degree of desaturation or hy-
poventilation between the two time periods.

There was a cumulative total of 615 obstructive apneas dur-
ing period A and 1169 obstructive apneas during period C.
Therefore, a total of 1784 events were analyzed. Patients had a
median of 24 (14,37) obstructive apneas during period A, com-
pared with 54 (45,77) during period C. Thus, the apnea index in-
creased between periods A and C, from 11 (6,17) to 25 (21,36)
(p < 0.02). This was due primarily to an increase in the REM
apnea index (Table 3, Figure 3). In comparison, the apnea index
in NREM sleep did not change significantly through the night
(Table 3). Between the first and last thirds of the night, there
was a tendency for an increase in the MAD (Table 3, p = 0.06).
There was little change in the REM MAD (Table 3, p = 0.93).

There were no significant changes in the total, NREM, or
REM spontaneous arousal indices from period A to C (Table
3). There were no significant changes in the total or NREM
respiratory arousal indices from A to C. However, the REM
respiratory arousal index increased from period A to period C
(p < 0.01), concomitant with the increase in the REM apnea
index. There were no differences in the degree of desaturation
following apneas (ASag,) for either REM sleep, NREM sleep,
or total sleep between periods A and C (Table 3).

DISCUSSION

This study evaluated sleep architecture, the effects of sleep
state, and changes in sleep and apnea characteristics over the
course of the night, in children with obstructive sleep apnea.
Children with OSAS tend to have fewer obstructive apneas
than adults, but nevertheless have significant gas exchange ab-
normalities (1, 14); thus, the patients in this study all had se-
vere OSAS by pediatric standards. We found that the children
with OSAS had relatively normal sleep architecture, in con-
trast to adults with OSAS (15). In the children, OSAS was
very much an REM-related disease, with obstructive apneas
occurring more frequently, for a longer duration, and with
more desaturation during REM than NREM sleep. The num-
ber of obstructive apneas increased over the course of the
night, independent of changes in REM time.

Sleep Architecture

Few data are available in the literature regarding sleep archi-
tecture in children with OSAS. The sleep architecture in our
group of children with OSAS did not differ from control sub-
jects, and was comparable to previously published data on

TABLE 3
CHANGES IN REM VERSUS NREM SLEEP OVER THE COURSE OF THE NIGHT*
Period A Period C
Total REM NREM Total REM NREM

Duration, min 130 (114,137) 9(0,18) 5(105,124) 129 (122,136) 4 (36,54) 82 (69,98)
Apneaindex, n/h 11 (6,17) 24 (7,56) 9 (4,17) 25t (21,36) 51* (46,71) 10 (3,17)
Mean apnea duration, s 9.2(7,12) 8.0 (8,14) 4 (8,12) 11.3(9,14) 11.5(9,14) 10.2 (8,13)
ASag,, % 3(0,4) 4 (2,6) 1(0,3) 2(1,4) 4(1,8) 2(0,3)
Spontaneous arousal index (n/h) 3(1,3) 0(0,0) 3(1,3) 2(1,3) 0(0,1) 3(1,3)
Respiratory arousal index n/h 1(1,2) 0 (0,0) 1(0,2) 2(0,4) 2 (1,7) 1(0,1)

Definition of abbreviations: NREM = non-rapid eye movement; REM =

* All data displayed as median (interquartile range).
Tp < 0.02 for period A versus period C.
¥p < 0.01 for period A (REM) versus period C (REM).

rapid eye movement.
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Figure 3. Individual changes in the rapid eye movement obstructive
apneaindex (RBM Al), from the first third (A) to the last third (C) of the
night are shown. The RBM Al increased significantly over the course of
the night (p < 0.01). Note that six patients did not have any REM
sleep during period A.

normal children (16). This is consistent with previous studies
showing no change in sleep architecture following surgical
treatment of childhood OSAS (7, 17). Although the current
study was limited to children with severe OSAS, the results
would presumably apply to children with lesser degrees of up-
per airway obstruction as well. These findings in children are
in contrast to adults with OSAS, who often have decreased
slow wave and REM sleep (4, 15, 18). These findings also dif-
fer from previous reports on infants with OSAS, who have de-
creased REM time (19). The reason for these differences be-
tween the age groups is unclear. The difference between
children and adults may be related to the decreased frequency
of cortical arousals in response to obstructive apnea in chil-
dren (3), thereby resulting in less sleep fragmentation. Al-
though the children with OSAS had a higher arousal index
than control subjects, their arousal index was considerably
lower than their apnea index. However, as infants have even
higher arousal thresholds to apnea than older children (3), the
reason for the difference between infants and older children is
unclear. Another possible explanation for our findings may be
that children with OSAS have subtle changes in sleep architec-
ture that cannot be detected by standard EEG techniques, but
may need more sophisticated types of analysis, such as EEG
spectral analysis (20).

OSAS and REM Sleep

We found that the majority of respiratory events occurred
during REM sleep. This confirms a previous report by Mori-
elli and coworkers (21). In the current study, 55% of all ob-
structive apneas occurred during REM sleep, although REM
sleep occurred for only 22% of total sleep time. In compari-
son, slow wave sleep appeared to be protective, with only 5%
of obstructive apneas occurring during slow wave sleep, de-
spite the fact that slow wave sleep was more abundant than
REM sleep. This finding is in contrast to reports in adults, in
whom obstruction occurs more commonly during NREM than
REM sleep (4). There are a number of reasons why REM
sleep predisposes to obstructive apnea in children, including
muscular hypotonia, decreased ventilatory responses to hy-
poxia and hypercapnia (5), and an increased arousal threshold
in response to apnea (22). As with adults, the apneas were
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longer during REM than NREM sleep (4, 18, 23), and were as-
sociated with more profound desaturation.

The finding that obstructive apnea is much worse during
REM than NREM sleep demonstrates the importance of sleep
architecture monitoring and, most importantly, ensuring ade-
quate REM duration during polysomnography, in order to
avoid underestimation of the severity of OSAS in children.

Progression of Sleep and Apnea Characteristics
during the Night

The proportion of time spent in REM sleep increased from
the first to the last third of the night, together with an increase
in the apnea index. This progression of apnea frequency
through the night was not just a result of the increasing REM
duration, as the corresponding REM apnea index also showed
a significant increase. Neither was it due to a change in body
position. There was a tendency for the apnea duration to in-
crease, but this did not reach significance. These findings in
children are different from adults with OSAS, in whom the ap-
nea index does not increase over the course of the night (ex-
cept, perhaps, in the most severe patients [4]), whereas the ap-
nea duration does increase (4, 18, 24, 25). Many children with
OSAS have persistent, partial upper airway obstruction asso-
ciated with hypercapnia, rather than discrete apneas (1).
Therefore, we evaluated not only the changes in the number
of apneas, but also the changes in gas exchange over the
course of the night. There was no significant change in Pco,.
As in studies of adults, we found no change in the degree of
desaturation over the course of the night (4, 24, 25). There was
no change in the frequency of arousals.

The above findings confirmed our suspicion that there is a
worsening of respiratory parameters in children with OSAS
through the night. As suggested by Charbonneau and cowork-
ers (4), changes in the apnea index could be a reflection of ab-
normalities leading to apnea initiation, and changes in apnea
duration a reflection of factors leading to apnea termination.
We could thus interpret our findings as a demonstration of
progression through the night primarily of the factors initiat-
ing apnea. There are a number of potential causes for the pro-
gression of OSA S over the course of the night. One cause may
be ventilatory muscle fatigue. However, previous studies in
adults with OSAS have found no evidence of diaphragmatic
fatigue during sleep (26, 27). Of note, however, these studies
were limited to NREM sleep. Further, no studies have evalu-
ated the upper airway muscles for fatigue over time. There-
fore, it is possible that muscle fatigue may contribute to the
worsening of apnea over the night in our patients. It is also
possible that upper airway neuromotor control changes over
the course of the night. Increasing upper airway edema during
the night may contribute to increased obstruction. Another
potential cause is a change in the arousal threshold to upper
airway occlusion, which could be caused by habituation to re-
current obstruction during the night, or be secondary to sleep
fragmentation (28). This is unlikely, as the pediatric patients
did not show a change in the number of spontaneous or respi-
ratory arousals over the course of the night. Furthermore,
many of the apneas were not terminated by cortical arousals.
Nonetheless, a possible role for subcortical (autonomic) arous-
als cannot be excluded (29). Finally, as OSAS in children is
such an REM-related disease, it is possible that the worsening
of apnea over the night is due to changes in the quality of
REM sleep itself, such as ventilatory instability related to in-
creases in phasic REM (30). Further studies are necessary to
delineate the pathophysiology of apnea progression over the
course of the night in children.



686

Study Limitations

A limitation of this study was the premature termination of
our polysomnographic studies at approximately 5:00 a.m., af-
ter achieving at least 6 h of sleep. This could theoretically
result in missing the last portion of a normal sleep pattern,
including further REM periods. Thus, assuming further pro-
gression of the apnea severity, our study may actually be un-
derestimating the progression of OSAS. It would be interest-
ing to repeat this study prospectively, with extension of the
sleep period to coincide with normal sleep patterns (i.e., until
spontaneous awakening in the morning) to see if apnea events
would worsen further, or if there would be a significant change
in apnea duration over the course of the night.

In this study, we chose to use the standard American Sleep
Disorders Association criteria for defining arousals (12).
These criteria include a duration of arousal = 3 s, in addition
to other criteria. Over the years, different criteria for arousals
have been used for both children and adults, and it has been
difficult to determine which definitions are the most important
pathophysiologically. We elected to use the American Sleep
Disorders Association criteria as theses criteria are standard-
ized, have better interscorer reliability than shorter arousals
(12, 31), and enable comparisons to be made with the existing
literature. However, it is possible that scoring shorter apneas
would have yielded different results.

This study only evaluated children with relatively large
numbers of apneas, in order to have sufficient events to ana-
lyze statistically. Thus, it is possible that these results do not
apply to children with mild OSAS.

Clinical Implications

In summary, this study has demonstrated that childhood ob-
structive sleep apnea is predominantly an REM-related dis-
ease, that progresses over the course of the night. The impor-
tant clinical implications of these findings are the limitation of
daytime nap studies (32), as well as split-night studies, in the
evaluation of OSAS in children, as these could seriously un-
derestimate the severity of the condition.

Acknowledgment : The authors thank the Pediatric Clinical Research Unit,
National Seep Technologies and the sleep technicians who were involved
in the sleep studies; also the staff from the Seep Office, Ms. Audrey Hamer
and Ms. Teresa Lusco, who assisted greatly in the recovery of patient infor-
mation and data. Special thanks also to Dr. bsef Coresh from the Welch
Center of Epidemiology, who contributed greatly to the statistical analysis
and data interpretation.

References

1. American Thoracic Society. 1996. Standards and indications for cardio-
pulmonary sleep studies in children. A m. J. Respir. Crit. Care Med. 153:
866-878.

2. Carroll, J. L., and G. M. Loughlin. 1992. Diagnostic criteria for obstruc-
tive sleep apnea syndrome in children. Pediatr. Pulmonol. 14:71-74.

3. McNamara, F., F. G. Issa, and C. E. Sullivan. 1996. Arousal pattern fol-
lowing central and obstructive breathing abnormalities in infants and
children. J. Appl. Physiol. 81:2651-2657.

4. Charbonneau, M., J. M. Marin, A. Olha, R. J. Kimoff, R. D. Levy, and
M. G. Cosio. 1994. Changes in obstructive sleep apnea characteristics
through the night. Chest 106:1695-1701.

5. Marcus, C. L., J. Lutz, J. L. Carroll, and O. Bamford. 1998. Arousal and
ventilatory responses during sleep in children with obstructive sleep
apnea. J. Appl. Physiol. 84:1926-1936.

6. Marcus, C. L., J. Lutz, A. Hamer, P. L. Smith, and A. Schwartz. 1999.
Developmental changes in response to subatmospheric pressure load-
ing of the upper airway. J. Appl. Physiol. 87:626-633.

7. Marcus, C.L.,J. L. Carroll, C. B. Koerner, A. Hamer, J. Lutz, and G. M.
Loughlin. 1994. Determinants of growth in children with the obstruc-
tive sleep apnea syndrome. J. Pediatr. 125:556-562.

8.

10.

12.

13.

15.

16.

17.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

AMERCAN JOURNAL OF RESPIRATORY AND CRITICAL CAREMBDICINE VOL 162 2000

Marcus, C. L., K. J. Omlin, D. J. Basinki, S. L. Bailey, A. B. Rachal,
W.S. Von Pechmann, T. G. Keens, and S. L. Ward. 1992. Normal
polysomnographic values for children and adolescents. Am. Rev.
Respir. Dis. 146:1235-1239.

. Moser, N.J., B. A. Phillips, D. T. R. Berry, and L. Harbison. 1994. What

is hypopnea, anyway? Chest 105:426—428.

American Thoracic Society. 1999. Cardiorespiratory sleep studies in
children: establishment of normative data and polysomnographic pre-
dictors of morbidity. Am. J. Respir. Crit. Care Med. 160:1381-1387.

. Rechtschaffen, A., and A. Kales. 1968. A manual of standardized termi-

nology: techniques and scoring systems for sleep stages of human sub-
jects. UCLA Brain Information Service/Brain Research Institute.
Sleep Disorders Atlas Task Force, C. Guilleminault, editor. 1992. EEG
arousals: scoring rules and examples. Sleep 15:173-184.
Hammer, L. D., H. C. Kraemer, D. M. Wilson, P. L. Ritter, and S. M.
Dornbusch. 1991. Standardized percentile curves of body-mass index
for children and adolescents. Am. J. Dis. Child. 145:259-263.

. Rosen, C. L., L. D’Andrea, and G. G. Haddad. 1992. Adult criteria for

obstructive sleep apnea do not identify children with serious obstruc-
tion. Am. Rev. Respir. Dis. 146:1231-1234.

Issa, F. G, and C. E. Sullivan. 1986. The immediate effects of nasal con-
tinuous positive airway pressure treatment on sleep pattern in patients
with obstructive sleep apnea syndrome. Electroencephalogr. Clin. Neu-
rophysiol. 63:10-17.

Coble, P. A., D. J. Kupfer, C. F. Reynolds, and P. Houck. 1987. EEG
sleep of healthy children 6 to 12 years of age. In C. Guilleminault, edi-
tor. Sleep and Its Disorders in Children. Raven Press, New York. 29—
41.

Frank, Y., R. E. Kravath, C. P. Pollak, and E. D. Weitzman. 1983. Ob-
structive sleep apnea and its therapy: clinical and polysomnographic
manifestations. Pediatrics 71:737-742.

. Lavie, P., E. Halperin, J. Zomer, and G. Alroy. 1981. Across-night length-

ening of sleep apneic episodes. Sleep 4:279-282.

. McNamara, F., and C. E. Sullivan. 1996. Sleep-disordered breathing and

its effects on sleep in infants. Sleep 19:4-12.

Bandla, H. P. R., and D. Gozal. 1999. Changes in delta wave electroen-
cephalographic activity during REM-associated obstructive sleep ap-
nea events in children (abstract). Sleep 22:5125.

Morielli, A., S. Ladan, F. M. Ducharme, and R. T. Brouillette. 1996. Can
sleep and wakefulness be distinguished in children by cardiorespira-
tory and videotape recordings? Chest 109:680-687.

Marcus, C. L., O. Bamford, O. Bamford, and J. Lutz. 1999. Response to
inspiratory resistive loading during sleep in normal children and chil-
dren with obstructive apnea. J. Appl. Physiol. 87:1448-1454.

Findley, L.J., S. C. Wilhoit, and P. M. Suratt. 1985. Apnea duration and
hypoxemia during REM sleep in patients with obstructive sleep ap-
nea. Chest 87:432-436.

Sforza, E., J. Krieger, and C. Petiau. 1998. Nocturnal evolution of respi-
ratory effort in obstructive sleep apnoea syndrome: influence on
arousal threshold. Eur. Respir. J. 12:1257-1263.

Montserrat, J. M., E. N. Kosmas, M. G. Cosio, and R. J. Kimoff. 1996.
Mechanism of apnea lengthening across the night in obstructive sleep
apnea. Am. J. Respir. Crit. Care Med. 154:988-993.

Montserrat, J. M., E. N. Kosmas, M. G. Cosio, and R. J. Kimoff. 1997.
Lack of evidence for diaphragmatic fatigue over the course of the
night in obstructive sleep apnoea. Eur. Respir. J. 10:133-138.

Cibella, F., G. Cuttitta, S. Romano, V. Bellia, and G. Bonsignore. 1997.
Evaluation of diaphragmatic fatigue in obstructive sleep apnoeas dur-
ing non-REM sleep. Thorax 52:731-735.

Berry, R. B, K. G. Kouchi, D. E. Der, M. J. Dickel, and R. W. Light.
1996. Sleep apnea impairs the arousal response to airway occlusion.
Chest 109:1490-1496.

Mograss, M. A., F. M. Ducharme, and R. T. Brouillette. 1994. Move-
ment/arousals: description, classification, and relationship to sleep ap-
nea in children. Am. J. Respir. Crit. Care Med. 150:1690-1696.

Neilly, J. B., E. A. Gaipa, G. Maislin, and A. I. Pack. 1991. Ventilation
during early and late rapid-eye-movement sleep in normal humans. J.
Appl. Physiol. 71:1201-1215.

Loredo, J. S., J. L. Clausen, S. Ancoli-Israel, and J. E. Dimsdale. 1999.
Night-to-night variability and interscorer reliability of arousal mea-
surements. Sleep 22:916-920.

Marcus, C. L., T. G. Keens, and S. L. Ward. 1992. Comparison of nap and
overnight polysomnography in children. Pediatr. Pulmonol. 13:16-21.



