
Clinical Neurophysiology 127 (2016) 1410–1418
Contents lists available at ScienceDirect

Clinical Neurophysiology

journal homepage: www.elsevier .com/locate /c l inph
The adapted American Academy of Sleep Medicine sleep scoring criteria
in one month old infants: A means to improve comparability?
http://dx.doi.org/10.1016/j.clinph.2015.08.013
1388-2457/� 2015 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights reserved.

⇑ Corresponding author at: Department of Clinical Neurophysiology, Tampere
University Hospital, Medical Imaging Centre and Hospital Pharmacy, Pirkanmaa
Hospital District, P.O. Box 2000, 33521 Tampere, Finland. Tel.: +358 3 31165095;
fax: +358 3 31164199.

E-mail address: anna-liisa.satomaa@pshp.fi (A.-L. Satomaa).
Anna-Liisa Satomaa a,⇑, Outi Saarenpää-Heikkilä b, E. Juulia Paavonen c,d, Sari-Leena Himanen a,e

aDepartment of Clinical Neurophysiology, Tampere University Hospital, Medical Imaging Centre and Hospital Pharmacy, Pirkanmaa Hospital District, Tampere, Finland
b Tampere University Hospital, Department of Pediatrics, Tampere, Finland
cNational Institute for Health and Welfare (Child and Adolescent Mental Health), Helsinki, Finland
dChildren’s Hospital, Child Psychiatry, University of Helsinki and Helsinki University Central Hospital, Finland
e School of Medicine, University of Tampere, Tampere, Finland

a r t i c l e i n f o h i g h l i g h t s
Article history:
Accepted 18 August 2015
Available online 2 September 2015

Keywords:
Infant polysomnography
Sleep stage scoring
Infant sleep
� 84 one-month-old infants’ polysomnographies (PSGs) were scored by the adapted AASM sleep scoring
rules.

� The rules were feasible, but the sleep parameters showed wide individual variation.
� Comparison of data to literature underlines the need for uniform scoring methods.

a b s t r a c t

Objective: The lack of standards induces variability in the sleep staging of infants less than two months of
age. We evaluated the feasibility of the 2012 AASM sleep scoring rules for healthy one month old infants.
Methods: 84 polysomnographies were scored into sleep stages with the adapted AASM criteria. The
acquired sleep parameters were compared with the parameters in the literature. In addition the effect
of age on sleep was studied.
Results: The two independent scorers achieved substantial agreement by using the adapted AASM crite-
ria. The infants’ sleep parameters showed marked variability. The amount of active sleep was 36.7%
(mean, range 21.3–54.1%), quiet sleep 41.5% (30.3–57.7%) and indeterminate sleep 21.6% (9.7–36.0%).
With age sleep became more continuous, but the sleep stage percentages did not change. Our sleep
parameters differed clearly from the parameters presented in the literature.
Conclusions: The adapted scoring rules were reproducible. This encourages their use in clinical practice,
as no uniform recommendations exist.
Significance: Normal values are essential in pediatric sleep medicine and the individual variability in the
sleep parameters of healthy infants advocates the standardisation of scoring methods. Here we present
sleep stage normative values for one month old infants based on the AASM scoring criteria.
� 2015 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights

reserved.
1. Introduction

Newborns and young infants spend most of their time sleeping.
Cumulating evidence suggests that the quality of early sleep can
affect later health and development. For example, more mature
sleep patterns in infancy relate to better level of mental develop-
ment at 6 months of age (Gertner et al., 2002). On the other hand,
sleep disordered breathing, as a common sleep disrupting condi-
tion, is known to cause negative behavioral and cognitive conse-
quences (O’Brien and Gozal, 2002; Halbower et al., 2006). The
duration of sleep relates to infants’ physical growth already during
the first months of life (Tikotzky et al., 2010).

Thenormaldevelopmentof an infantand theage specificchanges
in the infant’s sleep are parallel phenomena. During the neonatal
period these developmental changes are most profound and they
include the rapid maturation of sleep electroencephalography
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(EEG), which allows a better distinction of the sleep stages. In the
first months of life, sleep EEG does not yet differentiate into mature
sleep stages. Instead, NREM sleep and REM sleep are termed quiet
sleep (QS) and active sleep (AS), respectively. Young infants also pre-
sent decreasing amounts of indeterminate sleep (IS) which has fea-
tures of bothAS andQS. The sleep EEGofQS changes themost during
the first twomonths: the neonatal tracé alternant pattern would be
gradually replaced by continuous high voltage slow activity, and
sleep spindles andmoremature slowwave sleepwould appear. This
development allows the QS to be divided in more mature NREM
stages by the age of three months (Dreyfus-Brisac, 1970; Coons
and Guilleminault, 1982; Louis et al., 1992).

Thematuration of the sleep EEG is paralleled by the development
of more organized and longer sleep cycles. The relative proportions
of sleep stages change; AS and IS decrease, QS increases. The emer-
gence of circadian and homeostatic regulation consolidates sleep
and changes the temporal distribution of the sleep stages within a
sleep period and according to the time of day (Dittrichová, 1966;
Coons and Guilleminault, 1982; Hoppenbrouwers et al., 1982;
Schechtman et al., 1994; Hellström-Westas et al., 2003; So et al.,
2007). At the same time, the mechanisms of arousal (McNamara
et al., 1996; Montemitro et al., 2008) and the regulation of other
physiological sleep related phenomena would evolve.

As the sleep EEG and the structure of sleep are dependent on
the conceptional age, the normality of sleep must always be eval-
uated as a function of the infant’s age (Parmelee and Stern, 1972).
Because the age-specific reference values are essential for the
interpretation of pediatric polysomnographies (PSGs), to obtain
the values for each age group, numerous studies have been carried
out over the past decades. In the past, the methods to define the
age-specific reference values have varied from behavioral observa-
tion (Aserinsky and Kleitman, 1955; Dement and Kleitman, 1957;
Anders and Sostek, 1976; Anders and Keener, 1985) to actigraphy
based studies (So et al., 2007) and to cardiorespiratory parameter
based scoring (Haddad et al., 1987). Although behavioral correlates
continue to be helpful in the scoring of sleep in young infants, the
sleep staging has begun to rely more on the EEG. However, since
there have been no universally accepted sleep scoring criteria for
infants, many researchers have had to create or modify their own
EEG-based scoring criteria with more or less emphasis on behav-
ioral and observational aspects (Coons and Guilleminault, 1982;
Hoppenbrouwers et al., 1988; Kirjavainen et al., 2004;
Hoppenbrouwers et al., 2005; Montemitro et al., 2008). Because
of the different methods, it is difficult to adapt the results of the
previous normative studies to the clinical work.

The current AASM scoring manual (Berry et al., 2012) is
intended for infants from two months of age on. For infants
younger than two months, the AASM Pediatric Task Force (Grigg-
Damberger et al., 2007) recommends the Anders manual (Anders
et al., 1971), in which the observational data are underlined in
addition to polysomnographic parameters. The AASM 2012 crite-
ria, by contrast, do not require visual observation, and the criteria
are in routine use for older infants and adults at our laboratory. The
main aim of this study was to obtain sleep parameter values for
normal one month old infants by applying the AASM scoring
manual as closely as possible. The resulting sleep parameters
were compared to the previously presented normal values in
literature.
2. Methods

This study is part of a large birth cohort (Child Sleep) which
consists of 1671 infants born at Tampere University Hospital
(TAYS) during 4/2011–2/2013. The Child Sleep is a multidisci-
plinary research project that aims to study various aspects of sleep
in early childhood as well as the effect of sleep on the children’s
later well-being and development. The research utilizes question-
naires as well as the genetic data. The present study consists of a
subgroup of this cohort, in which the participating infants under-
went an ambulatory over-night PSG in three different ages (1, 8,
and 24 months of age).

The Child Sleep families were recruited prenatally at their local
maternity clinics to take part of the study. Systematically all the
families, who were eligible for the PSG sub study according to
pre defined inclusion and exclusion criteria, were personally asked
to participate in the PSG sub study postnatally on their stay at the
maternity ward. The inclusion criteria for the PSG study were:
healthy, full-term and uneventful birth (conceptional age 38 weeks
or more), Apgar scoreP8 at one minute and birth weightP2500 g.
The mothers were healthy, they could not have had been on any
medication affecting central nervous system during their preg-
nancy, and they would have attended to their routine controls at
the local maternity clinic. Originally, 92 families who fulfilled the
inclusion criteria agreed to participate in the PSG study. Closer to
the recording, four families withdrew. The remaining 88 singleton
infants were born at the conceptional age of 38–42 weeks. The first
PSGs, at the age of one month (range 3.1–7.9 weeks), were
recorded between May 2011 and January 2013. All the recruited
parents gave their written informed consent.

On the scheduled measurement night, a PSG technician and a
medical physicist for technical support arrived in the families’
homes approximately two hours before the family’s usual bed
time. The same PSG technician and two different medical physi-
cists acquired all recordings. After the electrodes and sensors were
placed and the function of all channels was checked on a laptop,
the recording was started. The parents were asked to keep notes
of the events (e.g. feeding and diaper changing) during the night.
The following morning the PSG technician returned to the family
and removed the electrodes. The quality and specific events of
the measurement night were briefly discussed and the parents
were asked to evaluate whether the measurement night had been
a typical night. 33% of the families felt that the PSG night had been
worse than usual, and 23% of the families found the night better
than a typical night. The majority (45%) of families thought that
the night had been typical in quality.
2.1. Participants

In total, 88 one-month-old infants were recorded. Three record-
ings (3%) were lost because of a technical failure. One infant was
excluded from the statistical analyses because, inadvertently, she
was younger than 42 weeks of conceptional age (41 + 2) at the time
of the recording. The quality of the remaining 84 recordings was
adequate for sleep stage scoring.

In terms of respiratory analysis, there were some technical prob-
lems and nine recordings were excluded from analyses concerning
oxygen saturation. In the excluded nine recordings the apneas were
scored on the bases of the event duration (durationP2 breaths dur-
ing baseline breathing) even though there was no associated corti-
cal arousal. Undoubtedly, this slightly overestimates the apnea
indices in these nine infants. Nevertheless, their apnea–hypopnea
indices (AHIs) and obstructive AHIs (OAHIs) were not statistically
different from those infants with functioning oximeters (p = 0.17
and p = 0.43, respectively). The thermistor failed in four recordings,
which only inhibited scoring obstructive events.

After the exclusions, the study sample consisted of 84 infants
(42 boys, 50%). The average of the gestational age at birth was
40.2 weeks (38.3–42.0 weeks). At the time of the recording the
average of the conceptional age was 44.7 weeks (42.3–48.4 weeks).
The study sample for the pulse oximeter-derived parameters
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consisted of 75 infants, whose mean conceptional age was
44.6 weeks (42.3–48.4 weeks) at the recording.
2.2. Recordings and visual analysis

The ambulatory PSGs were obtained using the Embla Titanium
system. The following signals were recorded: 6 channels of EEG
(F4-A1, C4-A1, O2-A1, F3-A2, C3-A2, O1-A2), electro-oculography
(EOG) (right and left), submental electromyography (EMG), oxygen
saturation (pulse oximeter, Nonin, with two-beat averaging time)
with waveform, thoracoabdominal inductance plethysmography,
diaphragmatic and abdominal EMG, Emfit mattress sensor and
electrocardiography (ECG). Airflow was measured by oronasal
thermistor (Dymedix). The sampling frequencies for the EEG,
EOG, EMG and ECG were 256 Hz; for the Emfit mattress 128 Hz,
for the thermistor 64 Hz, for the plethysmographies 32 Hz, and
for the pulse oximetry 16 Hz. The nasal pressure transducer was
omitted from the protocol in order to minimize the sleep dis-
turbing effect of the recording equipment (Goodwin et al., 2001).

EEG was recorded with Ag–AgCl cup EEG electrodes, which
were attached with water soluble paste, their cables were braided
together, and the electrodes were covered by a mesh cap. The EOGs
and chin EMG were recorded with single use self adhesive elec-
trodes. After all the electrodes and sensors were placed, their func-
tion was checked on a laptop, electrode impedances <5 kOhmwere
accepted. The filter settings for EEG were 0.5–70 Hz. The EEG was
considered acceptable in quality if at least three of the six channels
remained readable throughout the recording. In six recordings
three EEG traces were lost (usually due to the detachment of A1
or A2), in seven recordings one EEG electrode became loose during
the night, and in one recording two traces were lost. Hence, none of
the PSGs had to be excluded because of EEG quality alone. The
mean amplitude levels during QS were ad 142 uV and during AS
ad 46 uV.

The PSGs were scored into the sleep stages in 30-s epochs with
Somnologica Studio 5.0 software by two independent, experienced
clinical neurophysiologists (ALS, SLH). The two scorers had an
inter-scorer agreement of 80.6% and kappa score of 0.73 indicating
substantial agreement (Landis and Koch, 1977). The agreements
and differences in scored epochs are presented in Table 1. The
agreement by sleep stage was >80% in AS, QS and wakefulness
(W), and 46% in IS. The most common mismatch between the sleep
stages was IS-AS, which comprised 27.4% of all mismatches. The
other mismatches involving IS (IS-AS and IS-W) constituted
Table 1
The differences and agreements in sleep staging between the two independent
scorers and the final consensus scoring.

W AS IS QS

Scorer 1 vs. consensus
W 88 4.8 6.3 0.4
AS 7.8 75.7 15.6 0.3
IS 11.8 18.8 63.4 6.8
QS 0.6 0.8 7.4 91

Scorer 2 vs. consensus
W 81.1 8.6 9.7 0.6
AS 2.3 81.9 13.9 1.8
IS 11 27.3 49.6 12.4
QS 0.9 2.4 6.3 90.1

Scorer 1 vs. scorer 2
W 82.4 7.7 8.9 1
AS 2.2 80.1 14.7 3
IS 11.2 26.5 46.2 16.1
QS 0.8 2.4 6.8 89.4

All numbers are in percents. W = wakefulness; AS = active sleep; IS = indeterminate
sleep; QS = quiet sleep.
14.4% and 14.3% of all mismatches, respectively, while the other
mismatches (W–AS, AS–QS and W–QS) accounted for only 10%,
5%, and 2% of all mismatches, respectively. Afterwards, any major
scoring differences were discussed and a consensus scoring was
established for statistical analyses. Table 1 also presents the agree-
ments and differences of the two scorers compared to the final
consensus scoring. The total agreement of scorer 1 and the consen-
sus scoring was 82.9%, kappa score 0.76. The total agreement for
scorer 2 was 79.7% and kappa score 0.72. For both scorers, the
agreement with the consensus scoring was clearly lowest in IS,
whereas in the other sleep stages and wakefulness the agreement
with the consensus scoring was better.

The sleep stages were scored according to the AASM 2012 scor-
ing manual (Berry et al., 2012) as closely as possible, but due to the
infants’ age-related sleep-EEG features, some modifications were
implemented. The infant’s state was scored as active sleep (AS),
quiet sleep (QS), indeterminate sleep (IS) or wakefulness (W). AS,
W and QS were scored according to the REM sleep, wakefulness
and deep sleep rules (R, W and N3 rules) in the AASM manual,
respectively.

QS was scored when the EEG presented either 1 a high voltage
slow (HVS) pattern (continuous, moderately rhythmic, high volt-
age, P75 uV, 0.5–2 Hz activity) in any EEG channel for at least
20% of an epoch’s duration or 2 a tracé alternant pattern. Because
the slow wave activity (SWA) of N3 sleep first appears from two
months of age on, and because the slow activity in young infants
does not necessarily represent the same generating mechanisms
as in an older child or an adult (Schechtman et al., 1994; Jenni
et al., 2004), the slow activity was termed HVS instead of SWA,
and the HVS on any EEG channel was accepted. In infants, the
amplitude of HVS is generally high, >100 uV.

AS was scored when the EEG did not present HVS or tracé alter-
nant (usually mixed frequency activity of low to moderate ampli-
tude) and the chin EMG was low except for short transient
bursts. In stage AS, the eye movements were rapid (rise time
<0.5 s), but they were not required to continue the stage.

Stage W was scored when rapid eye movements were associ-
ated with sustained EMG tone with activity bursts or gross move-
ments, or when movement artefact covered at least 50% of the
duration of an epoch followed or preceded by a wake epoch. IS
was scored when an epoch could not be scored as AS, QS or W.
These included typically the state transition segments.

In the AASM scoring rules, no other PSG parameters in addition
to EEG, chin EMG, and EOG, are recommended to be taken into
account. However, even in the adult population, the chin EMG in
N3 sleep is of variable amplitude and sometimes as low as in stage
R sleep (Berry et al., 2012). In young infants, there is a known lack
of concordance between the EMG tone, respiratory pattern and
other PSG signals (Dreyfus-Brisac, 1970; Parmelee et al., 1972;
Schloon et al., 1976). Moreover, in young infants, the EEG presents
ample slow EEG activity irrespective of sleep stage (Pereda et al.,
2006; Sankupellay et al., 2011). That is why the respiratory pattern
or the variability of heart rate were used to support the decision
making. Irregular breathing pattern and variable heart rate were
considered to favor AS. Regular breathing with little heart rate vari-
ability and sustained moderate EMG tone were considered to sup-
port QS. Breathing pattern was considered regular, if there were no
visible accelerations/decelerations typical for AS (R) during contin-
uous breathing. Regular heart rate was visually recognized when
the ECG lacked the typical accelerations of AS.

The duration of each sleep state divided by total sleep time
(TST) were expressed as AS%, QS%, IS%.

The cortical arousals were visually scored according to the cur-
rent guidelines (The IPWG, 2005; Grigg-Damberger et al., 2007;
Berry et al., 2012). Hence, cortical arousals were scored when the
EEG background frequency presented an abrupt change of at least
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1 Hz for a minimum of 3 s. A decremental EEG-response was
accepted as an arousal, a frequency shift in delta range was not.
To accompany this EEG change, two of the following changes were
required for scoring arousals in AS: (1) a gross body movement
artefact, (2) increase in the heart rate (at least 10% from the base-
line values) or (3) an increase in the submental EMG amplitude. In
QS and IS, two of the following criteria were required to score arou-
sals in addition to the EEG change: (1) a gross body movement, (2)
change in the heart rate or (3) a change in the breathing pattern
(frequency and/or amplitude) including a single sigh. An arousal
with a duration of P30 s, or an arousal followed by a wake epoch
was equaled as an awakening. The number of awakenings divided
by TST and the number of awakenings together with cortical arou-
sals divided by TST were expressed as awakening index and arou-
sal index, respectively.

The respiratory events were scored according to the pediatric
rules in the AASM scoring manual (Berry et al., 2012). The number
of all apneas and hypopneas divided by TST equaled apnea–hypop-
nea index (AHI). The number of all obstructive events (obstructive
and mixed apneas and obstructive hypopneas) divided by TST was
expressed as obstructive apnea–hypopnea index (OAHI). The num-
ber of central apneas and central hypopneas divided by TST were
expressed as central apnea index (CAI) and hypopnea index,
respectively. More detailed respiratory parameters and discussion
are outside the scope of this paper.
2.3. Effect of age in the sleep parameters

To study the effect of age on the sleep parameters, the infants
were divided in two age groups: the infants less than 44 weeks
of age at the recording and the infants 44 weeks or older. Thirty-
one (37%) of the 84 infants were less than 44 weeks of conceptional
age at the time of the recording (mean age 43.2 weeks, range 42.3–
43.9) leaving 53 of the infants to the older age group (mean 45.4,
range 44.0–48.4). In the younger group there were 14 (45%) boys;
in the older group 37 (49%) were boys. The division to age groups
also enabled comparisons with previous studies.
2.4. Comparison to the previous studies

The division to age groups also enabled comparisons with pre-
vious studies evaluating sleep parameters of small infants. We
compared the sleep parameters in our data to six previously pub-
lished studies (Coons and Guilleminault, 1982; Anders and
Keener, 1985; Hoppenbrouwers et al., 1988, 2005; Kirjavainen
et al., 2004; Montemitro et al., 2008). The compared studies were
selected as they covered the same age group of full-term and
healthy infants and presented the descriptives of the sleep param-
eters (means and standard deviations) numerically. The number of
the participants and their ages, the recorded signals and the
applied scoring criteria are summarized in Table 2.

Among the six compared studies, none applied the same exact
scoring criteria. The studies by Anders and Keener (1985), Coons
and Guilleminault (1982) and Montemitro et al. (2008) applied
the Anders manual (Anders et al., 1971), but all had made some
modifications to suit their set-up. The Anders manual divides the
infant’s state into quiet (NREM) sleep, AS, wakefulness, and IS.
The scoring of these states requires information on movements,
eye closure, eye movements, EEG pattern, chin EMG tone, and
the regularity of breathing. The study by Montemitro et al.
(2008) followed these rules to most detail with continuous obser-
vation during the study night. Coons and Guilleminault (1982) had
modified the rules somewhat, as they did not have continuous
observation or EOG. Anders and Keener (1985) made use of the
behavioral criteria of the Anders manual (movements, facial
expressions, vocalization, eye movements, eye closure, and, if vis-
ible on the video, the regularity of breathing).

The study of Hoppenbrouwers et al. (1988) applied the Hoppen-
brouwers criteria (Hoppenbrouwers, 1987), which divide the
infant state into AS, QS, W and IN based on chin EMG, EOG, respi-
ratory pattern, movements or twitches, eye closure, vocalization,
and EEG. The minimum number of these parameters required to
score a state are defined: AS requires four criteria, QS and W
require three. IN is scored if the criteria for QS, AS or W are not
fulfilled.

The Guilleminault and Souquet criteria (Guilleminault and
Souquet, 1982) applied in the study by Kirjavainen et al. (2004)
are meant for infants older than three months of age. According
to the criteria an infant’s state is scored as W, sleep onset, stages
1–2, stages 3–4, and REM. The scoring makes use of EEG, EOG, chin
EMG and behavioral criteria. Because the infants in the study by
Kirjavainen et al. (2004) were younger than three months of age
and because observational data was not available, the criteria were
modified. The stages were named REM, deep NREM, light NREM
and W, and their scoring relied mainly on EEG criteria, respiratory
pattern, chin-EMG tone; movements were interpreted from move-
ment artifacts.

Hoppenbrouwers et al. (2005) applied the CHIME scoring rules
(Crowell et al., 1997). The rules are based on EEG, respiratory vari-
ability, eye movements, and body movements and they are
detailed in terms of how many criteria must be fulfilled to score
a stage. The state is scored as AS or QS. If the majority of AS or
QS parameters are not fulfilled, the state is scored as indetermi-
nate, while the state W is scored based on movements and
annotations.
2.5. Statistics

The normality of the data was tested with Kolmogorov–Smir-
nov and Shapiro–Wilk tests, which indicated that all the tested
sleep parameters, except for QS%, were normally distributed. The
Mann–Whitney U-test was used in the between-group compar-
isons (for example age group differences). The correlations were
tested with Spearman’s rho test. These statistical comparisons
were performed with the SPSS software (v 21). To compare the
obtained sleep parameters with the parameters presented in the
literature, we applied the one sample t-test, which takes into
account the presented means, standard deviations, and sample
sizes (GraphPad Software, Inc., 2015). p-values <0.05 were consid-
ered statistically significant in statistical analyses.
3. Results

3.1. All infants

The sleep quality parameters and the basic respiratory indices
are presented in Table 3. During nocturnal sleep the 84 infants pre-
sented in average 36.7% AS, 41.5% QS and 21.6% IS (Table 1). The
awakening index was 8.5/h and arousal index 19.3/h. There was
considerable individual variation in the sleep state percentages
and especially in the arousal indices. Based on the ±2 SD values,
the reference limits for %AS, %QS, %IS, awakening index and arousal
index in this population of infants were: 21.3–54.1%, 30.3–57.7%,
10.0–33.2%, 4.4–12.6/h and 11.9–27.0/h, respectively.

The correlation of arousal index and the awakening index with
the sleep stage percentages was tested. The only statistically signif-
icant correlation was found between the percentage of IS and the
awakening index (r = 0.245, p = 0.025); the infants with a higher
awakening index presented statistically more IS, but the correla-
tion was very weak.



Table 2
Compared studies.

Study n Age at recording In-
laboratory/
at home

Over-night/
24 h

Recorded signals Scoring criteria

Coons and
Guilleminault
(1982)

10 3 weeks In-lab 24 h EEGa (number of electrodes not
specified), chin-EMGa, respiratorya

Anders et al. (1971) (EEG, behavioral)
10 6 weeks In-lab 24 h

Anders and
Keener (1985)

40 4 weeks Home Over-night Time-lapse video Anders et al. (1971) (observational)

Hoppenbrouwers
et al. (1988)

10 1 month In-lab Over-night EEG (two channels), chin-EMG, EOGa,
respiratory

Hoppenbrouwers (1987) (EEG, behavioral;
observation supplementary)

10 1 month In-lab Over-night Hoppenbrouwers (1987)
Kirjavainen et al.

(2004)
23 6 weeks Home 24 h EEG (C3, C4), chin-EMG, EOG,

respiratory
Guilleminault and Souquet (1982) (EEG,
behavioral)

Hoppenbrouwers
et al. (2005)

60 44–49 weeks
conceptional age

In-lab Over-night EEG (C3, C4), chin-EMG, EOG,
respiratory

Crowell et al. (1997) (EEG, behavioral, obser-
vational annotations)

Montemitro et al.
(2008)

10 3 weeks In-lab Over-night EEG (1 central and 1 occipital lead),
chin-EMG, EOG, respiratory

Anders et al. (1971) and The IPWG (2005) (EEG,
behavioral, continuous observation)

a EEG = electroencephalography; EMG = electromyography; respiratory = at least one sensor to detect respiratory movements; EOG = electro-oculography.

Table 3
The sleep quality and the respiratory parameters of 84 infants. Pulse oximetry data in
75 infants.

Mean Range SD ±2 SD

Analyzed period (TIB) (min) 718 540–915 81.9
TST (min) 476.9 305–628 58.5
AS% 36.7 21.3–54.1 6.9 22.8–50.5
QS% 41.5 30.3–57.7 5.2 31.2–51.9
IS% 21.6 9.7–36.0 5.8 10.0–33.2
Awakening index (n/h) 8.5 4.5–13.3 2.1 4.4–12.6
Arousal index (n/h) 19.3 12.1–29.0 3.7 11.9–27.0
AHI (n/h) 13.7 0.5–81.7 14.1 0–41.7
OAHI (n/h) 0.0 0–0.3 0.0 0–0.1
ODI3 (n/h) 20.9 0.0–79.5 16.9 0–54.7

ODI3 = Oxygen desaturation index, the number of oxygen desaturations P3% � 60/
TST.
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In the morning following the recording night, the parents eval-
uated the quality of sleep compared to a typical night. We tested
whether the sleep parameters of the 28 (33%) infants who were
reported to have slept better than usual differed from the 19
(23%) infants who were reported to have slept worse than usual.
The sleep stage percentages or arousal and awakening indices
did not statistically differ between these groups of parent-
reported sleep quality (all p-values P0.05).
3.2. Age group analyses

In order to study the effect of age on sleep quality, the 84 infants
were divided in two groups according to conceptional age. The per-
Table 4
The sleep quality and respiratory parameters in the age groups <44 weeks (n = 31) andP44
data in 27 infants aged <44 weeks and 48 infants aged P44 weeks. Statistically significan

<44 weeks (n = 31)

Mean Range SD ±2 SD

Age (weeks) 43.2 42.3–43.9 0.48
AS% 36.7 26.5–47.5 6.2 24.2–49.2
QS% 41.2 34.9–54.6 4.1 32.9–49.3
IS% 22.5 9.7–36.0 6.1 10.2–34.7
Awakening index 9.4 5.9–13.3 2 5.5–13.4
Arousal index 20.7 13.5–29.0 3.7 13.4–28.0
AHI (TST) (n/h) 17.4 3.0–81.7 16.3 0–50.1
OAHI (n/h) 0.0 0–0.3 0.1 0–0.2
ODI3 (n/h) 26.5 7.2–79.5 18.8 0–64.0
centages of the sleep stages were not statistically different between
the age groups <44 weeks and P44 weeks (Table 4). However, the
younger infants’ sleep was more discontinuous – both the number
of awakenings/h (9.4 vs. 7.9, respectively) and arousal index (20.7
vs. 18.4) were significantly (p < 0.05) higher in the younger age
group. The younger infants had significantly higher total AHI and
OAHI (p = 0.03 and p = 0.04, respectively), although the incidence
of obstructive apneas was very low in both age groups.
3.3. Comparisons to previous normal values

The sleep parameters of the data were compared to six previ-
ously published studies (Coons and Guilleminault, 1982; Anders
and Keener, 1985; Hoppenbrouwers et al., 1988; Kirjavainen
et al., 2004; Hoppenbrouwers et al., 2005; Montemitro et al.,
2008). Nearly all comparisons yielded significant differences in
the amounts of sleep stages between our data and the previous
studies; the only non-significant differences were found in the IS
% in the study by Hoppenbrouwers et al. (1988), QS% in the study
by Coons and Guilleminault (1982), and in the combined IS + AS
proportion in the study by Montemitro et al. (2008). Except for
the study of Coons and Guilleminault (1982), in our data, the QS
% was significantly higher than in the compared studies. The pro-
portions of the other stages (AS and IS), however, were either sig-
nificantly higher or lower: we found more AS than Coons and
Guilleminault (1982), Hoppenbrouwers et al. (2005) and
Kirjavainen et al. (2004). Our percentage of IS was higher than in
Hoppenbrouwers et al. (2005) (group 1) and Hoppenbrouwers
et al. (2005). Table 5 presents the comparisons.
weeks (n = 53) of conceptional age at the time of the recording. Pulse oximetry (ODI3)
t p-values are in bolded italics.

P44 weeks (n = 53) p

Mean Range SD ±2 SD

45.4 44.0–48.4 0.87
36.7 21.3–54.1 7.3 22.2–51.3 0.948
41.8 30.3–57.7 5.7 30.4–53.2 0.423
21.1 12–35.4 5.5 10.1–32.2 0.207
7.9 4.5–12.3 1.9 4.2–11.7 0.001
18.4 12.1–26.0 3.4 11.6–25.2 0.004
11.5 0.5–63.8 11.9 0–35.4 0.03
0.0 0–0.1 0.0 0–0.0 0.039
19.1 0.6–75.5 13.9 0–46.9 0.076



Table 5
Mean values from the present and previous studies compared statistically. All bolded values are mean (SD). The p values refer the statistical difference between the mean values
of the present data and the compared study; statistically significant p-values are in italics. The difference between the means; confidence interval of the difference are found in
parentheses.

Study n IS% QS% AS% IS + AS% RDI (/h)
Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)

Present study, all infants 84 21.6 (5.8) 41.5 (5.2) 36.7 (6.9) 58.4 (5.2) 19.3 (3.7)
Anders and Keener (1985) 40 NA 29.0 (7.9)

p < 0.0001
(12.6; 10.2–14.9)

51.9 (10.8)
p < 0.0001
(�15.2; �18.4 to �12.0)

NA NA

Hoppenbrouwers et al. (1988) 10 14.4 (5.5)
p = 0.0003
(7.3; 3.4–11.1)

35.1 (7.9)
p = 0.0007
(6.5; 2.8–10.2)

50.6 (8.2)
p < 0.0001
(-13.9; �18.6 to �9.1)

NA NA

10 23.6 (8.0)
p = 0.3215
(�2.0; �6.1 to 2.0)

29.4 (10.4)
p < 0.0001
(12.2; 8.2–16.1)

46.9 (7.4)
p < 0.0001
(�10.2; �14.9 to �5.6)

NA NA

Hoppenbrouwers et al. (2005) 60 4.1 (4.5)
p < 0.0001
(17.5; 15.8–19.3)

37.2 (10.3)
p = 0.0011
(4.4; 1.8–6.9)

30.2 (11.5)
p < 0.0001
(6.5; 3.4–9.6)

NA NA

Present study, infants <44 weeks 31 22.5 (6.1) 41.2 (4.1) 36.7 (6.2) 59.2 (3.5) 20.7 (3.7)
Montemitro et al. (2008) 10 NA 19 (6)

p < 0.0001
(22.2; 18.7–25.6)

NA 59 (11)
p = 0.9459
(0.2; �4.3 to 4.6)

16.1 (3)
p = 0.001
(4.6; 2.0–7.2)

Coons and Guilleminault (1982) 10 32.8 (6.6)
p < 0.0001
(�10.3; �15.0 to �5.7)

31.0 (4.6)
p < 0.0001
(10.2; 7.0–13.3)

31.6 (6.3)
p = 0.0340
(5.1; 0.4–9.7)

NA NA

Present study, infants P44 weeks 53 21.1 (5.5) 41.8 (5.7) 36.7 (7.3) 57.8 (6.0) 18.4 (3.4)
Coons and Guilleminault (1982) 10 32.0 (7.1)

p < 0.0001
(�10.9; �14.9 to �6.9)

37.8 (7.0)
p = 0.0543
(4.0; �0.1 to 8.1)

24.7 (4.3)
p < 0.0001
(12.0; 7.2–16.8)

NA NA

RDI = Respiratory Disturbance Index, cortical arousal index (n/h of TST).
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4. Discussion

The main aim of the present study was to obtain sleep stage and
arousal parameters for normal one month old infants by applying
the AASM scoring manual as closely as possible. The over-night
PSGs were recorded in 84 healthy and full-term one-month-old
infants at their homes. There was large individual variability
between the infants’ sleep parameters in the present study, as
according to our data, the ±2 SD reference limits for normal over-
night sleep in one month old infants were: QS 31–52%, AS 23–
51% and IS 10–33%. The individual variability in the amounts of
sleep stages is thought to represent an intrinsic characteristic of
the maturing central nervous system. It is possible that the young
infant’s sleep pattern responds unpredictably to various stimuli
(e.g. changes in the sleeping environment, or recording equip-
ment), which might at least partly explain the great variability
(Hoppenbrouwers et al., 1988; Hoppenbrouwers, 1992).

The acquired sleep parameters were compared to six previous
studies (Coons and Guilleminault, 1982; Anders and Keener,
1985; Hoppenbrouwers et al., 1988, 2005; Kirjavainen et al.,
2004; Montemitro et al., 2008). Except for the study of Coons
and Guilleminault (1982), our scoring method revealed more QS
than the others, but the amount of AS or IS were not consistently
higher or lower. The following issues could explain the discrepan-
cies across the studies.

In a population of great individual variability, such as infants, a
small sample size may not describe the normal range of parame-
ters adequately. The definition of normality as an inclusion crite-
rion in a normative study is equally important, as the variation
among the abnormal infant population is thought to be even
greater. The discrepancies between the six compared studies and
our data raise the question of possible sample selection, especially
with the small sample sizes in some of the compared studies. All
studies included ‘‘healthy and full term” infants, but the definition
of normality was variable and the sample size varied from 10 to 84.
The number of studied infants (84) was largest in our study. As
specified in the inclusion criteria in the Methods section, our sub-
jects were full term and considered normal and healthy. They had
not presented any apparent abnormality while their stay at the
maternity hospital or during their routine visits (first two visits
usually at 2–3 weeks and 5–6 weeks of age) at the local child
health center. In the study by Coons and Guilleminault (1982)
and Hoppenbrouwers et al. (2005) no other definition for normal-
ity than ‘‘healthy and full term” was given, the sample sizes were
10 + 10 and 60 in the two studies, respectively. The study by
Anders and Keener (1985) included 40 full term infants, who were
recruited from the birth records of the medical center’s newborn
nursery. The inclusion criteria demanded normal full term status,
and normality of pregnancy and birth. The 10 + 10 infants included
in the study by Hoppenbrouwers et al. (1988) were considered
healthy and selected based on the absence of disease in their moth-
ers. The infants’ weights were appropriate for their gestational
ages. Kirjavainen et al. (2004) included as a control group 23 full
term infants, who had had an uneventful neonatal history. Each
infant was also examined by a child neurologist. The sample size
in the study by Montemitro et al. (2008) was smallest (10), but
their inclusion criteria were detailed. The included infants were
born full term, they were born to nonsmoking parents who used
no alcohol or drugs, and they were habitually put to sleep in the
supine position. They had no family or personal history of apnea
or SIDS. At the time of the study the infants were healthy, not sleep
deprived, and not medicated.

The choice of scoring criteria could explain some of the variation
in sleep stages. As there are no generally accepted sleep scoring cri-
teria for very young infants, the researchers have had to create their
own scoring criteria ormodify the pre-existing ones to suite the set-
ting at hand. However, even when the same criteria have been
applied, the results have differed (Coons and Guilleminault (1982)
vs. Montemitro et al. (2008), Hoppenbrouwers et al. (1988) group
1 vs. group 2). Increasing number of state parameters that are
required to define a state is known to increase the percentage of
IS (Parmelee et al., 1967). Our results, however, do not support this,
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as the study by Hoppenbrouwers et al. (1988) had a fixed number of
required state parameters, but their data showed one of the lowest
amounts of IS. Moreover, the very detailed scoring system in the
CHIME (Collaborative Home infant Monitoring Evaluation) criteria
applied in Hoppenbrouwers et al. (2005) produced the lowest
amount of IS.

Of the six compared studies the study by Anders and Keener
(1985) differed from the rest methodologically as it was a time-
lapse video study. The remaining five studies, as well as the present
study, were PSG studies. All five compared studies included one or
two EEG channels and chin EMG. All except for the study by Coons
and Guilleminault (1982) also included EOG. All five compared
studies also included one or more channels of respiration enabling
the evaluation of regularity of breathing. The inclusion of EOG in
the set-up should affect the scoring of AS, theoretically, but the
studies without EOG (Anders and Keener, 1985; Coons and
Guilleminault, 1982) did not show systematically more or less AS
than the rest.

We used six EEG channels in sleep staging, which may improve
the scoring accuracy as compared to the other five that utilized one
or two EEG derivations. In theory, the accuracy might benefit from
multiple EEG-channels because of topographical differences in
sleep EEG. The Anders manual (Anders et al., 1971) states, that
SWA is maximal over frontal regions in younger children. One
topographical study on the newborns’ EEG showed the increase
of slow activity mainly over central and temporal electrode loca-
tions with increasing age (Pereda et al., 2006). Therefore, the num-
ber of recorded EEG channels is not likely a significant factor in the
inter-study differences in infants. The nasal cannula was left out of
the set-up in our study to avoid unnecessarily disturbing normal
sleep. This does not, however, explain the higher amount of QS
in our study, as none of the six compared studies had a nasal pres-
sure transducer, either. Still, when asked to compare the PSG night
to the infant’s normal night, the parents in our study often admit-
ted a difference: in total, 56% of the parents felt, that the night had
been worse or better than a normal night. However, the parent-
reported quality of sleep did not reflect to the sleep parameters;
the sleep stage proportions and arousal and awakening indices
did not statistically differ between the infants with better and
worse parent-reported sleep quality. The infants seem to react to
study conditions differently. On the other hand, the common
notion is that infants do not express significant first-night effect
(Coons and Guilleminault, 1982) and their night-to-night variabil-
ity in sleep stages or apneas is minimal (Rebuffat et al., 1994). This
might indicate that the individual direction of reaction is constant
and the recording set-up does not significantly influence the sleep
parameters in infants.

Most of the previously used scoring criteria include observa-
tional information in the decisionmaking. Observation (annotations
or video) was included in four of the six studies that were compared
to our study (Anders and Keener, 1985; Hoppenbrouwers et al.,
1988, 2005; Montemitro et al., 2008), while the present study,
Kirjavainen et al. (2004) and the study by Coons and Guilleminault
(1982) did not have continuous observation. With observational
data, one could assume that especially the scoring of quiet wakeful-
nesswould bemore accurate and result in less IS andAS; the amount
of AS would be overestimated without knowing if the eyes are open
or closed. Also the differentiation of drowsy wakefulness from IS
would sharpen. The three studies with no observational data did
not, however, find consistently different amounts of IS than the rest.
As a scoring method, observation requires continuous technician
resource or a lot of time-consuming video-playback during the scor-
ing. This advocates the development of reliable visual scoring rules
based on EEG and supplementary polysomnographic data.

The length of a scoring epoch is known to influence the sleep
parameters. The amount of AS increases and QS decreases when
the epoch lengthens (Kulp et al., 2000): a longer epoch is more
likely to include movement or eye movements. The epoch length
was 30 s in the present study, in Hoppenbrouwers et al. (2005),
Coons and Guilleminault (1982), Kirjavainen et al. (2004), and in
Montemitro et al. (2008). In Hoppenbrouwers et al. (1988) it was
one minute and in Anders and Keener (1985) it was five minutes.
Indeed, the studies by Hoppenbrouwers et al. (1988) and Anders
and Keener (1985) reported more AS than the rest. The length of
the smoothing window does not have a significant effect on sleep
stage percentages (Kulp et al., 2000).

The experience of the scoring personnel may also play a role,
and concerning normative values, the inter-scorer agreements of
visual sleep scoring should be presented. Our PSGs were scored
by two clinical neurophysiologists with experience in the visual
sleep scoring and infant EEG. Among the six compared studies,
only Hoppenbrouwers et al. (1988, 2005) acknowledge the scoring
personnel as ‘‘10 different scorers” and ‘‘trained personnel”,
respectively. The other studies did not identify the scorers. More-
over, the reproducibility of the hypnograms should be taken into
account. The young infants’ immature state differentiation imposes
some ambiguity on visual scoring. IS, by definition, does not fulfill
the criteria for any one stage. The age interval between the disap-
pearance of tracé alternant pattern and the emergence of sleep
spindles (about 4–6 weeks to 2–3 months) makes also QS vulnera-
ble to inter-scorer disagreement. In young infants, there is a known
lack of concordance between the EMG tone, respiratory pattern
and other PSG signals (Dreyfus-Brisac, 1970; Parmelee et al.,
1972; Schloon et al., 1976). In our work the inter-scorer agreement
yielded a substantial overall agreement (80.6%), which is a good
achievement considering the challenging age of the infants. The
agreement in QS, AS, and W were more than 80%, while as
expected, the agreement in IS was lower, 46%. Of the six compared
studies only Anders and Keener (1985), Hoppenbrouwers et al.
(1988, 2005) define the methods to ensure reproducibility. In the
Anders and Keener (1985) study 20% of the nights and a two hour
sample of each night were randomly selected and subjected to
double scoring. This produced an inter-rater concordance of
0.76–0.99 and median kappa scores for QS, AS, and W 0.89, 0.83,
and 0.89, respectively. In the Hoppenbrouwers et al. (1988) study
total of 10 people functioned as scorers over the five-year period.
The scorers were trained in the applied scoring rules until the
inter-scorer agreement was >80%. Moreover, a 20 min sample of
each recording was double scored, and if the agreement was
<80%, the entire recording was rescored. This resulted in >80%
agreement in QS, AS and W, but only about 50% in IS. This is in line
with our results. As a part of the multi center CHIME study, the
recordings in Hoppenbrouwers et al. (2005) were scored at the
CHIME analysis center with trained personnel, whose reliability
of the scoring has been evaluated and published earlier (Crowell
et al., 1997).

Usually the PSGs of young infants are performed at hospital
wards or intensive care units. Our recordings were made at home,
under as neutral conditions as possible since home recordings have
been recommended to give a realistic picture of infants’ sleep
(Bernstein et al., 1973). On the other hand, the home environment
is not as exactly controlled as in laboratory. In the light of the six
previous studies we used for comparison, the studies with home
recordings have not revealed parameters consistently different
from those recorded in laboratory. Neither can the infants’ individ-
ual variability be attributed to the study setting or the burden of
the recording equipment, because the range of sleep parameters
has been wide irrespective of these conditions. We therefore
believe that the recording place has little influence on the refer-
ence values in the young infants.

The effect of recording length (over-night vs. 24 h) does not
seem a plausible factor for sleep parameter differences, either,
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because the circadian regulation starts to show at about 5–6 weeks
of age and a clear diurnal pattern with distinct daytime naps can be
seen by 12 weeks of age (Coons and Guilleminault, 1982).
Homeostasis-related temporal organization of sleep states begins
to emerge in the second month of life. (Parmelee et al., 1964;
Schechtman et al., 1994; Coons and Guilleminault, 1982;
Hoppenbrouwers et al., 1982) Indeed, the studies including also
the day-time in their parameters, do not report consistently differ-
ent percentages of sleep stages in TST/24 h. To sum up the above
discussion on the possible factors behind the inter-study differ-
ences, no obvious explanations stand out.

In addition to the amounts of sleep stages, the cortical arousals
were also quantified in the present study. The current scoring cri-
teria for arousals (Berry et al., 2012) are not easily applicable for
young children and infants. This is because according to the rules,
the EEG frequency shift in the delta range during an arousal does
not qualify. However, infant arousals are known to often consist
of delta activity. Normal dominant posterior activity, after its
emergence at about 3–4 months of age, is in the delta range, and,
even before the rhythmical and organized posterior activity, the
waking EEG activity in an infant consists of irregular, medium-to
high voltage delta activity. (Lindsley, 1936; Dreyfus-Brisac, 1975).
The IPWG consensus (The IPWG, 2005) recommended scoring
delta arousals in young children and infants, but the Pediatric Task
Force, during the preparation of AASM 2007 scoring manual
(Grigg-Damberger et al., 2007; Iber et al., 2007), decided not to.
The task force could not agree whether delta arousals in children
represent true arousals. Moreover, the task force members were
concerned that it might be difficult to distinguish delta arousals
from slow wave sleep. IPWG also recommended scoring subcorti-
cal activations, i.e. arousal events with no visible change in the
EEG, but AASM task force decided not to endorse scoring these,
because their clinical significance is unclear. The normal values
concerning cortical arousals in infants are rarely presented. In
our data the awakening index was 4–13/h and cortical arousal
index 12–27/h. Of the six compared studies only the one by
Montemitro et al. (2008) present the arousal indices for ten
three-week-old subjects. Compared to that study, our arousal
index was higher. Some of this difference might result from the
six-channeled EEG-montage in our study instead of two-lead
EEG. More EEG-channels is known to result in higher arousal
indices (O’Malley et al., 2003).

We found a statistically significant correlation between the per-
centage of IS and the awakening index; the infants with more
awakenings presented a greater percentage of IS. However, the
other correlations between the arousal and awakening indices
with the sleep stage percentages were not significant statistically.

The age of the infants we studied was on average 44.7 weeks at
the recording (range 42.3–48.4 weeks). Thirty-one infants (37%)
were less than 44 weeks of age at the recording. We compared
the sleep parameters in the two age groups, the infants under
44 weeks and the infants 44 weeks or older. The sleep stage per-
centages in our data were not statistically different between the
groups, although in previous studies the proportion of AS has been
found to be decreasing and QS increasing during early life
(Hoppenbrouwers et al., 1982, 1988). However, sleep was more
continuous in the older age group, assessed by the decreased num-
ber of arousals and awakenings, which is consistent with the pre-
vious studies (Anders and Keener, 1985; Montemitro et al., 2008)
and can be considered an effect of maturation.
5. Conclusions

The large overlap in the sleep parameters of normal and abnor-
mal infants is a recognized problem in the clinical work
(Hoppenbrouwers et al., 1988). Because of the large individual
variation in sleep quality, only large deviations from the average
can stand alone as a marker of abnormality. The variability
between infants also emphasize the importance of reliable and
age-appropriate reference values for sleep parameters in the diag-
nostics of sleep disorders. Therefore, many studies have aimed to
establish these values over the past decades. However, the result-
ing reference values have been difficult to put to general use,
because the scoring criteria and the methods by which the values
have been acquired have varied from study to study. Uniform sleep
scoring methods and criteria might make the normative values in
the literature more applicable to the clinical work. The ideal solu-
tion would be that the same rules and methods could be applied to
all patients regardless of the age.

Even though the scoring rules for adults and children older than
two months of age have been revised recently (Berry et al., 2012),
there still are no universally accepted scoring rules for infants
younger than two months of age. We adapted the AASM rules for
this age group. The rules turned out to be well applicable and
reproducible for the unattended PSGs in one-month-olds. The
independence from visual observation or video playback can be
considered an advantage of these rules over many other scoring
manuals.

In infants, the PSG parameters must always be evaluated
against the backdrop of accurate sleep–wake scoring because the
control of breathing and other physiological phenomena depend
on the sleep stage. While there is much overlap in sleep quality
in the normal and abnormal infants, in some PSG parameters, there
is known to be very little variation in healthy infants. For example,
the incidence of obstructive events is known to be uniformly very
low in normal infants, which makes even small differences count.
To address the problem of wide variation of normality, the quanti-
tative analyses, especially the EEG topography, could give supple-
mentary information about the normality of an infant’s sleep. As
the early infancy is the period of intensive sleep development,
quantitative measures might also reveal subtle differences
between, for example, groups of only slight age differences.
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