
CLINICAL RESEARCH ARTICLE

Spontaneous and apnea arousals from sleep in preterm infants
Maija Seppä-Moilanen 1, Sture Andersson1 and Turkka Kirjavainen1

BACKGROUND: The significance of arousal in apnea termination in preterm infants is not known.
METHODS: We investigated the appearance of arousals from sleep with polysomnography for 21 preterm infants at a median age
of 36 gestational weeks.
RESULTS: The polysomnographic appearance of sleep was fragmented by frequent arousals. The number of spontaneous arousals
unrelated to apneas was 18 per hour in sleep; higher in rapid eye movement (REM) sleep than in non-REM sleep (p < 0.001). Eighty-
two percent of arousals were regarded as spontaneous, and 18% were related to apneas. In turn, arousal followed 5% of all apneas;
30% of mixed, 2% of central, and 20% of long apneas defined as apnea of prematurity. Apneas without an arousal led to lower
oxygen saturation levels than those followed by an arousal (p < 0.001). Mixed apneas with an arousal had stronger breathing effort
and a higher number of breaths compared with apneas without an arousal (p < 0.05).
CONCLUSIONS: In preterm infants, frequent spontaneous arousals or arousal-type phenomena make the polysomnographic
appearance of sleep fragmented. However, even long apneas or hypoxia commonly fail to elicit arousals or any sign of sleep
interruption. Our findings suggest that arousal appears not to be the main mechanism for apnea termination in preterm infants.
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IMPACT:

● Polysomnographic appearance of sleep in preterm infants is fragmented by arousals.
● Contrary to older children and adults, arousal to apnea is uncommon in preterm infants.
● Even long mixed apneas with desaturation mostly fail to elicit an arousal response.
● In preterm infants, apnea termination appears not to depend on an arousal.
● Low arousability is suggested to be caused by a low ventilation response to hypoxia.

INTRODUCTION
Apneas are common during sleep in infants. Most apneas are
isolated short apneas. In addition, preterm infants commonly
express long apneas with hypoxia or bradycardia called apnea of
prematurity (AOP), and short apneas separated by hyperpneic
episodes, called periodic breathing (PB).1–4 In adults, obstructive
and mixed apneas are often terminated by arousal from sleep. In
the past, arousal was considered obligatory to end an obstructive
apnea, but recent studies have shown that most patients do not
have or need cortical arousal to terminate these apneas.5–7 In
infants and children, the arousal response to obstructive and
mixed apneas is less frequent than in adults, but it increases with
age.8,9 Like in adults, central apneas and PB rarely cause an arousal
or sleep disturbance.5,10 We do not know much about arousal
responses to apneas in preterm infants.
Spontaneous arousals refer to arousals from sleep with no

detected external or internal cause.11 Most studies regarding
arousal responses of preterm infants have focused on these
spontaneous arousals, on the effects of position on arousals, or
arousal threshold by external stimulus.12–18 There are only two
small studies in preterm infants specifically addressing arousal
responses to apneas.19,20

The aim of our study was to investigate the characteristics of
apnea arousals in preterm infants with polysomnography (PSG).

We were especially interested in the characteristics of long
apneas, and whether their presence could be explained by a
failure of arousal response. However, soon after the beginning of
the analysis, we discovered the high frequency of spontaneous
arousals in these preterm infants. Thus, the analysis of these
spontaneous arousals was included in the study.

METHODS
Study design and patients
We recorded PSG in 21 preterm infants cared for in the neonatal
units of Helsinki and Uusimaa Hospital District, Finland. At the time
of the study, the included infants were clinically stable with no
respiratory support, supplemental oxygen, or caffeine treatment.
The PSG recordings were performed at a median 36 (interquartile
range (IQR) 35–36) weeks of gestational age, at 4.7 (IQR 2.8–7.1)
weeks of age. Detailed demographic data are presented in Table 1.
The recordings of these infants were also used to investigate the
effects of caffeine and supplemental oxygen on PB and apneas in
preterm infants.4 According to cardiorespiratory monitoring
(IntelliVue MX 700 and IntelliVue Information Center data
collection, Philips, The Netherlands) all infants presented PB or
long apneas. Furthermore, the treating physician assessed these
infants to need commencement of caffeine therapy for apneas or
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excessive PB. The PSG recordings used in the current study
were performed prior to (re)commencing caffeine treatment or
supplemental oxygen. Of the infants studied, 14 (67%) had
received previous caffeine treatment. However, this treatment had
been discontinued at a median 8 (IQR 7–11) days prior to the
study.
The local ethics committee of the University of Helsinki

approved the study protocol and parents provided written
consent prior to participation.

Polysomnography
The PSG protocol followed the current American Academy of
Sleep Medicine (AASM) recommendations and comprised mon-
itoring of four electroencephalography (EEG) channels (C4-M1/A1,
Cz-Fz, Cz-O2, O2-M1/A1), right and left electro-oculography (EOG)
channels, chin and diaphragm electromyography (EMG), nasal
airflow using a pressure sensor, respiratory movements using an
abdominal band, electrocardiography (ECG), pulse oximeter
oxygen saturation (SpO2) with a 4-s averaging interval, and end-
tidal carbon dioxide.21 For the recordings we used Siesta PSG
equipment (Compumedics, Abbotsford, Australia).

Sleep staging. The PSG recordings were analyzed and scored by
an experienced scorer (T.K.) using Embla RemLogic PSG software
(Natus Medical Inc., California, USA) with additional special-
purpose software. The sleep stage analysis was performed visually,
recognizing non-rapid eye movement sleep (NREM) sleep, rapid
eye movement sleep (REM) sleep, and wakefulness. For sleep
staging, we used the current AASM infant sleep stage criteria and
the recommendations of Grigg-Dammberger and associates,21,22

but we did not use the transitional stage (T) classification, and
scored corresponding epochs either as NREM or REM based on
chin EMG measurements.

Apnea definition. We determined central respiratory pauses
longer than two breathing cycles and lasting 4 s or more as

apneas. All obstructive breaths were noted regardless of the
duration of apnea. Central, obstructive, and mixed apneas were
recognized based on airflow, diaphragm EMG activity, and
respiratory movements. Apneas with no breathing movements
were defined as central apneas, apneas with breathing move-
ments but no airflow were determined as obstructive apneas, and
respiratory pauses that commenced as central but showed
obstructive respiratory movements with no airflow as mixed
apneas. An apnea was also defined as AOP if it caused a heart rate
decrease to <100 beats/min, or a drop in SpO2 to under 80%, or it
lasted longer than 20 s.1 Breathing effort (inspiratory effort) was
visually scored from the PSG analysis according to the diaphragm
EMG in obstructive and mixed apneas by a scale of 0 (no
effort)–1–2 (maximal effort).

Arousal definition. There is no consensus for scoring arousals in
the preterm period. Therefore, we applied the criteria of The
International Pediatric Workgroup on Arousals for infants aged
1–6 months.11 However, due to immaturity of the EEG and EEG
movement artifacts, it was not particularly helpful for detecting
arousals or awakenings. Thus, we did not differentiate between
cortical and subcortical arousals nor did we use computational
signal analysis methods. Heart rate changes were mainly related
to apnea and hypoxia, and they did not seem to correlate with
arousals.
For the study purposes, an arousal from sleep (REM or NREM)

was defined as a period of 3 s or more of

– sustained increase in chin and diaphragm EMG from baseline
recording excluding sucking of the dummy and/ or

– gross body movements causing artifacts in ECG, EEG, and
respiratory signals, especially if increased activity in chin and
diaphragm EMG preceded or lasted longer than gross body
movements.

An arousal was defined as a long arousal or awakening if the
increase in chin and diaphragm EMG or clear gross body
movements lasted >15 s. To be determined as an apnea arousal,
the arousal needed to appear during an apnea, or within 5 s after
the end of an apnea.

Statistical methods
The statistical analysis was done with SPSS® Statistics software
version 24 (IBM, New York, USA). For pairwise comparisons we
used the nonparametric paired-samples sign test. For comparisons
of multiple related groups (hypoxia analysis), we used the
nonparametric Friedman test. We chose nonparametric tests due
to the number of study patients and the non-normal distribution
of the variables. The level of significance was set at p < 0.05.

RESULTS
The 21 studied infants were born at a median 31 (IQR 28–34)
weeks of gestation with a median birth weight of 1610 (IQR
1140–2190) g. They were studied at a median 36 (IQR 35–36)
weeks of gestational age. The demographic data and sleep stage
distribution are presented in Table 1.
Spontaneous arousal-type phenomena in PSG recordings were

frequent, and this made the PSG appearance of sleep fragmented
(Table 2). The total arousal frequency was 21 per hour of sleep.
However, only 18% of these arousals were preceded by apneic
events, that is, were apnea arousals. The PSG appearance of both
spontaneous and apnea arousals was significantly more frequent
in REM sleep than in NREM sleep (p < 0.05 and p < 0.001) (Table 2).
The distribution of short arousals and long arousals or awakenings
is presented in Table 2.
We scored a total amount of 3993 apneas in the PSG recordings.

Of all the apneas, 88% (3504) were central, 1% (52) was

Table 1. Demographic data.

Infants, n 21

Male 8 (38%)

Gestational age at birth (weeks) 31.1 (28.4–33.6)

Birth weight (g) 1610 (1140–2190)

Apgar score

1min 7.0 (5.0–8.0)

min 7.0 (5.8–8.0)

10min 7.5 (7.0–8.8)

Age at study (weeks) 4.7 (2.8–7.1)

Gestational age at study (weeks) 35.7 (35.0–36.3)

Weight at study (g) 2240 (2015–2595)

GMH-IVH grade 1 or 2 2 (9.5%)

GMH-IVH grade 3 or 4 1 (4.8%)

Mild bronchopulmonary
dysplasia

5 (24%)

Recording time (min) 223 (188–284)

Sleep

TST (min) 166 (135–200)

NREM (%) 47 (44–56)

REM (%) 53 (44–56)

Data are presented as median (interquartile range).
GMH-IVH germinal matrix or intraventricular hemorrhage, TST total sleep
time, NREM non-rapid eye movement sleep, REM rapid eye movement sleep.
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obstructive, and 11% (437) were mixed events. Of these apneas,
only 5% (204) ended in an arousal, 3% (127) during REM, and 2%
(77) during NREM sleep. Although infrequent, apnea arousals were
more common in REM than in NREM sleep (p < 0.001). This
difference was not present when separating apnea types. Arousal
to apnea was scarce, and frequencies in different types of apneas
are presented in Table 3.
Differences in characteristics of apneas with or without arousal

are presented in Tables 4 and 5. The level of hypoxia (oxygen
saturation levels) did not correlate with breathing effort in apneas

with or without arousals (Fig. 1). Figures 2 and 3 show typical
appearances of a mixed apnea with and without an arousal in REM
sleep.
Arousal to hypoxia was infrequent (Table 6). Only 5% of all SpO2

drops to <95% led to arousal from sleep. Furthermore, only 5% of
desaturations of at least 5% units from baseline SpO2 levels led to
arousal from sleep. The degree of the drop in baseline SpO2 level
or desaturation did not significantly affect the arousal rate to
hypoxia. The frequency of arousal to hypoxia was higher in REM
sleep than in NREM sleep (Fig. 4).

Table 3. Percentage of apneas with arousals of all apneic events in sleep.

TST NREM REM p (NREM vs. REM)

All apneas 4.8 (2.6–8.4) 0.0 (0.0–0.1) 7.4 (4.0–10.7) <0.001a

Central apnea 2.2 (0.85–3.8) 0.8 (0.0–4.0) 2.5 (1.1–5.5) 0.82a

Obstructive apnea 0.0 (0.0–50.0) 0.0 (0.0–12.5) 0.0 (0.0–50.0) —
b

Mixed apnea 30.3 (16.7–50.0) 42.9 (8.5–68.3) 31.0 (16.7–42.4) 1c

AOP defined apneas 20.0 (0.0–40.0) 0.0 (0.0–0.0) 26.7 (0.0–50.0) 0.29d

Results are presented as median (interquartile range).
TST total sleep time, NREM non-rapid eye movement sleep, REM rapid eye movement sleep, AOP apnea of prematurity, p significance according to the paired-
samples sign test.
aTwenty-one infants eligible for statistical comparisons.
bFour infants eligible for comparisons.
cSixteen infants eligible for comparisons.
dTen infants eligible for comparisons.

Table 4. Characteristics of apneas with arousals compared with apneas without arousals.

SpO2 Heart rate Length of apnea Breathing effort Number of breaths before regaining airflow

Central apnea ↑** ↔ N/A

Mixed apnea ↑* ↑ ↑* ↑** ↑*

AOP ↑ ↓ ↑* N/A

MA AOP ↑ ↔ ↑ ↔ ↑*

Bold arrows represent changes that were statistically significant, and thinner arrows represent changes that failed to meet statistical significance. For detailed
changes see Table 5.
SpO2 pulse oximeter oxygen saturation, AOP apnea of prematurity, MA AOP mixed apnea AOP.
*p < 0.05, **p < 0.001, p= significance according to the paired-samples sign test.

Table 2. Arousals from sleep in different sleep stages. An arousal was defined as a long arousal or an awakening if it lasted >15 s.

TST NREM REM p (NREM vs. REM)

Total arousals (n/h) 20.5 (18.6–24.5) 14.0 (9.1–17.0) 29.1 (23.0–35.2) <0.001

Long arousals or awakenings 11.6 (7.8–11.6) 5.8 (3.7–11.3) 16.1 (12.4–20.0) <0.001

Short arousals 9.9 (5.7–13.1) 6.0 (4.0–10.2) 13.4 (8.5–16.3) 0.007

Apnea arousals (n/h) 2.9 (1.6–4.5) 2.2 (1.3–4.2) 4.4 (2.4–6.4) 0.04

Long apnea arousals or awakenings 1.0 (0.5–1.8) 0.7 (0.0–1.4) 1.4 (0.4–2.6) 0.36

Short apnea arousals 1.6 (1.2–3.3) 1.3 (0.6–2.5) 2.5 (1.3–4.4) 0.01

Spontaneous arousals (n/h) 17.5 (15.3–20.2) 11.8 (7.0–14.2) 26.5 (19.1–29.3) <0.001

Long spontaneous arousals or awakenings 10.5 (7.1–13.3) 4.7 (3.2–8.6) 14.2 (9.9–18.4) <0.001

Short spontaneous arousals 8.0 (4.3–10.1) 4.5 (2.8–8.1) 10.5 (6.9–12.9) 0.007

Apnea arousals of total arousals (%) 18.1 (7.1–22.7) 16.7 (9.7–28.0) 13.6 (6.6–22.8) 0.38

Long spontaneous arousals or awakenings 8.7 (4.2–20.2) 15.9 (0.0–23.9) 7.9 (2.3–15.5) 0.17

Short arousals 28.4 (11.9–38.0) 21.7 (12.7–33.0) 26.0 (10.2–41.8) 0.50

Results are presented as median (interquartile range).
TST total sleep time, NREM non-rapid eye movement sleep, REM rapid eye movement sleep, n/h number of events per hour, p significance according to the
paired-samples sign test.
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DISCUSSION
This study has three main findings. The first finding is that
spontaneous arousals or arousal-type phenomena are frequent in
the late-preterm period. Due to movements or movement
arousals, the PSG appearance of sleep is fragmented. The second
finding is that despite of frequent spontaneous movements,
movement arousals or other indicators of sleep interruption, even
long central and mixed apneas of >15 s were infrequently
followed by an arousal or any arousal-type phenomena. The third
finding is that hypoxia is not a potent stimulus for arousal in
preterm infants.

Central and mixed apneas that failed to cause an arousal led to
lower oxygen saturation levels than those followed by an arousal.
On the other hand, mixed apneas followed by an arousal had
stronger breathing efforts compared with mixed apneas not
accompanied by arousals. These results support the idea that the
tendency to long apneas in preterm infants is related to low
responsiveness to hypoxia together with easily collapsible upper
airways. Apnea-related hypoxia does not seem to elicit a high
stimulus to arousal.

Arousal to apnea in preterm infants
Concurring with previous data, we showed that apneas often fail
to elicit an arousal in preterm infants.19,20 In our study, apnea
arousals were more frequent in REM sleep than in NREM sleep.
This is most likely explained by different types of apneas. Most
central apneas occurred in NREM sleep, whereas most mixed
apneas and AOPs in REM sleep.4

There are two previous studies addressing the appearance of
apnea arousals during the preterm period.19,20 Thoppil and
associates studied arousal responses based on video recordings
and cardiorespiratory polygraphy ten non-apneic and ten apneic
preterm infants at the age of 32–34 weeks of gestation. They
discovered very similar findings and numbers to our data. In their
study, in apneic preterm infants arousal followed only 3% (3/100)
of central and 27% (13/49) of mixed apneas, 7% (10/138) of short
apneas <15 s, and 50% (6/12) of long apneas over 15 s. In our data,
47% (21/45) of long mixed apneas over 15 s, and 39% (12/31) of
AOPs over 15 s were followed by and arousal.
The second study addressing arousal or arousal-type phenom-

ena to apneas in preterm infants is by Curzi-Dascalova and
associates.20 They investigated PSG data without chin EMG
recordings in five preterm infants at 33–34 weeks of gestation.
They found that most apneas, especially central ones, did not
cause physiological changes indicating an arousal. In their study,
9% of central apneas and 18% of obstructive and mixed apneas
were followed by movements.20

Our study suggests that an arousal response is not the main
mechanism of apnea termination in preterm infants, especially
regarding central apneas. Our results coincide with previous data
of preterm and older infants.10,19,20 However, obstructed breaths
were more commonly followed by an arousal in the same way as
previously observed in preterm and older infants, children, and
adults.5,10,19,20 The increased probability of obstructive breaths to
lead to arousal may be due to the stimulating effect of upper
airways or respiratory muscles.23

Arousal to hypoxia
PB and apneas commonly cause desaturations and intermittent
hypoxia in preterm and term infants.2,4,24 However, this apnea-
related hypoxia seems to rarely lead to arousal. In our study, the
degree of hypoxia or desaturation did not affect arousability from
sleep, and arousal to hypoxia was scarce. In contrast to animal
studies, in infants hypoxia appears to be a more potent cause of
an arousal in REM sleep than in NREM sleep.25,26 This may be due
to a more rapid decrease in oxygen saturation during apnea in
REM than in NREM sleep.27,28 In our study, a drop in baseline SpO2

to <95% or a desaturation of >5% units from baseline SpO2 level
was more potent in causing an arousal in REM sleep than in NREM
sleep, concurring with previous data. We speculate that the reason
for low arousability to hypoxia, and furthermore to apneas, may be
the low, downwards shifted biphasic hypoxic ventilatory response
in preterm and term infants.26,29

Spontaneous arousals
The high frequency of arousals or arousal-type phenomena of 21
per hour of sleep in this study is similar to observed in term
infants.30 Like in previous studies,8,12,13,30,31 we observed arousals
to be more frequent in REM than in NREM sleep. However,

Table 5. Specific characteristics of apneas without arousals compared
with apneas with arousals.

Without arousal With arousal p Values

Central apnea

SpO2 (%) 89.5 (86.1–92.1) 94.0 (90.0–97.0) <0.001

Length of apnea (s) 6.7 (6.1–7.2) 6.6 (5.8–7.7) 1.0

Mixed apnea

BE 0.95 (0.76–1.0) 1.4 (1.1–1.8) <0.001

NB 2.8 (2.4–3.4) 4.0 (2.9–4.7) 0.04

SpO2 (%) 89.9 (85.5–92.2) 91.1 (89.0–94.5) 0.01

Heart rate (b.p.m.) 134 (121–144) 145 (129–153) 0.26

Length of apnea (s) 9.0 (8.2–11.0) 10.7 (9.0–12.5) 0.04

AOP

SpO2 (%) 78.3 (76.1–83.0) 83.5 (78.3–88.9) 1.0

Heart rate (b.p.m.) 93 (83–113) 85 (76–132) 1.0

Length of apnea (s) 13.0 (9.6–18.0) 16.3 (13.2–24.8) 0.04

MA AOP

BE 1.0 (0.3–1.4) 1.0 (0.8–2.0) 0.13

NB 4.3 (3.0–7.0) 5.5 (4.3–11.0) 0.04

SpO2 (%) 79.5 (76.0–83.0) 82.0 (77.6–89.8) 0.73

Heart rate (b.p.m.) 88 (80–98) 87 (75–137) 1.0

Length of apnea (s) 16.0 (10.1–20.1) 17.4 (14.5–25.3) 0.18

Results are presented as median (interquartile range). SpO2 pulse oximeter
oxygen saturation, BE breathing effort (scale 0–2), NB number of breaths
before regaining airflow, b.p.m. beats per minute, AOP apnea of
prematurity, MA AOP mixed apnea AOP, p significance according to the
paired-samples sign test.

100

S
pO

2 
(%

) 95

90

85

80
0

No arousal
Arousal

Effort of breathing

1 2

Fig. 1 Correlation of breathing effort and oxygen saturation
level. This scatter plot figure shows that despite breathing effort
and oxygen saturation levels being lower in mixed apneas without
arousal compared to those with arousal (Tables 4 and 5), breathing
effort did not correlate to oxygen saturation levels in mixed apneas
with or without arousals. SpO2 pulse oximeter oxygen saturation.
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spontaneous arousals and lack of long periods of uninterrupted
sleep were also common in NREM sleep.

Definition of sleep and arousal
There is no consensus of the criteria for sleep staging or arousal
definition in the preterm period. We find the literature to support
the use of NREM and REM for sleep staging instead of the
behavioral sleep states of quiet, active, and intermediate
sleep.21,22

The International Pediatric Workgroup on Arousals published
their recommendations for the scoring of arousals for healthy
term infants aged 1 to 6 months in 2005.11 These rules were
established primarily to enable the comparisons of varying studies
investigating arousals, and no consensus addressing apnea
arousals specifically was made. The applicability of these rules
has also been assessed in preterm infants before the release of the
recommendation, but was not included in the statement.32

Therefore, we used modified criteria for arousal definition.
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Fig. 2 Polysomnography recording of an infant demonstrating the appearance of a mixed apnea without an arousal response in REM
sleep. Note the bradycardia and desaturation caused by the apnea. EEG electroencephalogram, EOG electro-oculogram, EMG chin and
diaphragm skin surface electromyograms, Resp respiratory movements, SpO2 pulse oximeter oxygen saturation, EtCO2 carbon dioxide
content of exhaled air, ECG electrocardiogram.
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Our primary target was to investigate the response of arousal to
apnea. However, the PSG appearance of spontaneous arousal-type
phenomena was high, requiring us to include the analysis of these
arousals. Before 2 to 3 months of age, REM sleep is characterized
by spontaneous movements, that is, muscle twitches and gross
body and extremity movements.33 In preterm infants, we find it
hard with the current PSG methodology to separate autonomic or
cortical arousals from spontaneous movement not causing
disturbances of sleep. Preterm infants express frequent sponta-
neous motor activity in REM sleep. However, frequent arousal
appearance in PSG recordings was noted also in NREM sleep.22

We recognized arousal characteristics in these preterm infants in
apnea-related arousals and applied these criteria also to sponta-
neous arousals. All PSG signals were used for arousal detection.
Because of immaturity of the EEG it was not helpful as a criterion for
arousal or awakening. EEG changes mainly reflected body

movement artifacts and showed no obvious phase shift changes.
Heart rate changes were mainly related to apneas and hypoxia and
did not appear to correlate with arousals. Chin and diaphragm EMG
changes appeared most reliable for the detection of arousals.

LIMITATIONS OF THE STUDY
Our study has limitations. As discussed above, there is no
consensus for the definition of arousal for preterm infants.
Although we may use the recommendations of The International
Pediatric Workgroup for healthy term infants from age 1 to
6 months, the rules are not fully applicable for preterm infants.11

This makes comparison of different studies difficult and may
influence the results and interpretations. More precise recom-
mendations for assessing and scoring arousals in preterm infants
is needed.
As in the preceding studies addressing apnea arousals in

preterm infants, the number of infants in our study is still rather
small. Of the 21 studied infants, five infants had mild BPD and
three infants had suffered from germinal matrix or intraventricular
hemorrhage. However, this population represents a typical
preterm infant population. During the time of the study, all
infants were stable without respiratory support or significant
neurological symptoms or findings. Therefore, we believe these
baseline conditions have not had a significant effect on our study
results.

CONCLUSION
Among preterm infants, the polysomnographic appearance of
sleep is fragmented by frequent arousal-type phenomena.
Arousals appear dominantly in REM sleep. Apneas or hypoxia
rarely terminate in an arousal, and even long central and mixed
apneas with hypoxia frequently fail to elicit an arousal or any
indication of sleep interruption. Thus, in many cases, the
mechanism of apnea termination in preterm infants appears not
to be dependent on arousal.
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