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Sleep-Wake Transitions in Premature Neonates
Predict Early Development

WHAT’S KNOWN ON THIS SUBJECT: Sleep organization is a
central index of neuromaturation in premature neonates and has
been shown to predict short-term outcomes, particularly
cognitive development. However, little is known about the
relationships between sleep organization in neonates and long-
term outcomes across multiple developmental domains.

WHAT THIS STUDY ADDS: A new approach used mathematical
clustering of sleep-state transitions. Infants who cycled mainly
between quiet sleep and wakefulness showed greater
neuromaturation, lower negative emotionality levels, better
cognitive development, and better symbolic, verbal, and executive
capacities at 5 years.

abstract
OBJECTIVE: To identify patterns of sleep-wake transitions in the neo-
natal period that might differentiate premature infants who would
show better or worse outcomes in multiple developmental domains
across the first 5 years of life.

METHODS: Participants were 143 low birth weight premature infants
(mean birth weight: 1482 g; mean gestational age [GA]: 31.82 weeks).
Sleep states were observed at a GA of 37 weeks in 10-second epochs
over 4 consecutive evening hours and were analyzed through mathe-
matical clustering. Neurobehavioral maturation was evaluated with
the Neonatal Behavior Assessment Scale at discharge, emotional reg-
ulation was assessed during infant-mother and infant-father interac-
tions at 3 and 6 months, cognitive development was measured at 6, 12,
and 24 months, and verbal IQ, executive functions, and symbolic com-
petence were tested at 5 years.

RESULTS: Three types of state-transition patterns were identified, and
no differences in birthweight, GA, ormedical risk between the 3 groups
were found. Infants whose sleep-state transitions were mainly charac-
terized by shifts between quiet sleep and wakefulness exhibited the
best development, including greater neonatal neuromaturation, less
negative emotionality, better cognitive development, and better verbal,
symbolic, and executive competences at 5 years. In comparison, in-
fants who cycled mainly between states of high arousal, such as active
sleep and cry, or between short episodes of active and quiet sleep
showed poorer outcomes.

CONCLUSIONS: Defining sleep organization on the basis of transitions
between states proved useful for identifying risk and resilience indica-
tors in neonatal behavior to predict trajectories of neurobehavioral,
emotional, and cognitive growth. Pediatrics 2011;128:706–714
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Premature birth places infants at
greater risk for neurobehavioral, cog-
nitive, and social-emotional difficul-
ties, and infants born preterm often
exhibit more attention and learning
disorders, conduct problems, emo-
tional dysregulation, and poor cogni-
tive functioning across childhood and
adolescence.1–7 However, the popula-
tion of low birth weight, premature
infants is highly heterogeneous;
whereas some children may show ma-
jor developmental delays, others may
follow a more-typical developmental
course.2,8,9 Because early detection
and intervention for those at greatest
risk are of prime clinical importance,
the ability to identify risk and resil-
ience indicators that could be detected
in the neonatal period and could pre-
dict developmental outcomes for pre-
mature infants would be of much clin-
ical relevance.

Among the central markers of neuro-
developmental maturation in prema-
ture infants is the organization of
sleep.10,11 Premature birth disrupts the
consolidation of the biological clock,12

and preterm infants often show disor-
ganized sleep, expressed in greater
proportions of indeterminate states,13

poor sleep-wake cyclicity,14 and short
sleep bouts.13–15 Intervention pro-
grams such as skin-to-skin contact
and the “breathing bear,” which pro-
vide external thermal or rhythmic or-
ganization to the infant’s immature
state control, were found to increase
both neurologic maturation and sleep
organization.16–18 In turn, sleep organi-
zation is thought to provide the founda-
tion for the development of physiologic
maturation, arousal regulation, and
cognitive growth.13,19–23

Sleep organization among premature
neonates has been associated with
short-term developmental outcomes.
Higher Mental Developmental Index
(MDI) scores at 6 months were related
to decreases in nighttime sleep pro-

portions at gestational ages (GAs) of
32 to 36 weeks.24 MDI scores for high-
risk premature infants at corrected
age of 24 weeks were associated with
the development of quiet sleep in the
early night and those at 52 weeks with
greater stability of the longest episode
of sustained sleep.20 Similarly, associ-
ations were found between the
amount of rapid eye movement sleep
at a GA of 37 weeks andMDI scores at 6
months.25

Despite research pointing to the cen-
trality of sleep organization, the effects
of neonatal sleep patterns on long-
term outcomes have received little re-
search, and most studies did not mea-
sure developmental outcomes beyond
infancy.20,22,23,26–28 Furthermore, al-
though sleep is thought to provide the
basis for regulation of arousal and
emotion,29 little is known about the
possible links between neonatal sleep
patterns and the development of emo-
tional, social, and regulatory compe-
tences.16,30,31 Finally, most studies ex-
amined the proportions or durations
of sleep states,32 and the temporal or-
ganization of sleep has received signif-
icantly less empirical attention.

Therefore, the present study focused
on the organization of sleep states, in
particular the pattern of transitions
between sleep and wake states, as a
potential marker of optimal versus
high-risk development. The transition
between sleep and wakefulness is a
central feature of the biological clock
in humans and mammals and serves
as an index of central nervous system
maturity.12 We examined 3 patterns of
state transitions in relation to infants’
neurobehavioral profiles at term age.
We hypothesized that premature neo-
nates whose sleep was characterized
by more-organized transitions be-
tween quiet sleep and wake states, de-
noting greater consolidation of the bi-
ological clock, would show better
development across functional do-

mains. In contrast, sleep organization
that was characterized predominately
by transitions between highly aroused
states, such as active sleep and cry,
would mark more-dysregulated neu-
robehavioral development and would
predict a poorer developmental
course in early childhood.

METHODS

Participants

Participants included 143 low birth
weight, premature infants (mean GA:
31.82 weeks [range: 25–34 weeks])
drawn from a consecutive birth sam-
ple of infants born at a tertiary care
medical center in Jerusalem, Israel. To
eliminate potential confounders, only
mothers who were �20 years of age,
were married to the infant’s father, and
had completed �12 years of schooling
were included. Mothers were between
21 and 42 years of age (mean: 28.96
years [SD: 5.40 years]) and had com-
pleted between 12 and 20 years of ed-
ucation (mean: 14.11 years [SD: 2.18
years]). Fathers were between 24 and
45 years of age (mean: 32.12 years [SD:
6.23 years]) and had completed be-
tween 12 and 25 years of education
(mean: 14.05 years [SD: 2.79 years]).
The sample included 138 Israeli-
Jewish families and 5 Israeli-Arab fam-
ilies; all were considered middle class
by Israeli standards.33 The study was
approved by the Shaare Zedek Medical
Center institutional review board,
and all parents provided informed
consent.

Infants were excluded if they had
grade III or IV intraventricular hemor-
rhage, perinatal asphyxia, or a meta-
bolic or genetic disease or were still
undergoing ventilation at a GA of 37
weeks. Infants’ medical risk was quan-
tified on the basis of Clinical Risk Index
for Babies scores.34 According to de-
partmental policy, infants were not
discharged while receiving theophyl-
line or caffeinemedications; therefore,
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sleep patterns were evaluated when
infants were not under the influence of
such medications. At 2 years, children
underwent thorough neurologic exam-
inations, no sleep-disordered breath-
ing symptoms were reported by the
parents, andmedical examinations did
not detect any respiratory abnormali-
ties. It is important to note that our
exclusion criteria, which eliminated in-
fants with maternal/social factors or
medical conditions known to correlate
with poor outcomes, enhance the clin-
ical importance of the study by at-
tempting to distinguish infants at risk
for developmental difficulties among
preterm infants born at relatively low
risk. Infants were tested at a GA of 37
weeks in the hospital, at 3 months in
their homes, and at 6, 12, and 24
months and 5 years in the laboratory.

Sleep-State Transitions and
Neurobehavioral Maturation in
Neonatal Period

State Observation

Before discharge (GA of 37 weeks), in-
fant sleep states were observed in 10-
second epochs for 4 consecutive eve-
ning hours (7 PM to 11 PM) by trained
observers, who entered the data into a
computerized program. Consistent
with previous research,35,36 states in-
cluded quiet sleep, active sleep, sleep-
wake transition, unfocused alertness,
alert wakefulness, and cry.

Typologic Features of Sleep-State
Transitions

Mathematical clustering of sleep tran-
sition patterns was computed on the
basis of the fraction of transitions be-
tween states and not on the basis of
the proportion of time spent in each
state. For each pair of states, we mea-
sured Pij, the probability of transition
from state i to state j. To estimate the
transition probability, we first as-
sessed the probability of state i being
followed by state j. This transition

probability can be defined as an abso-
lute probability, that is, the probability
of state i at time t and state j at time
t� 1. In such a case, the probability is
defined simply as the fraction of fol-
lowing observation pairs with states i
and j, Ki,j, divided by the total number of
state pairs, that is, Pij � Ki,j/�Ki=,j=.
Thirty-six transition probabilities were
calculated for the 4-hour observation
for each of the 143 infants. The result-
ing matrix was then treated as a 36-
dimension vector, and a k-means clus-
tering algorithm was applied to the
vectors with k � 3 and a correlation
distance defined as the correlation be-
tween the 36 values in the matrix (ie,
the probability matrix for each infant
was treated as a 36-dimension vector,
and 1 � correlation between the vec-
tors for different infants was defined
as the distance between them). Be-
cause of their low frequencies, the 3
wake states, that is, sleep-wake transi-
tion, unfocused alertness, and alert
wakefulness, were combined into a
single wake state. Therefore, the final
clusters were computed on the basis
of a 4-state matrix including quiet
sleep, active sleep, wake, and cry, and
all subsequent analyses were based
on this 4-state matrix.

Three clusters of sleep-wake transi-
tions emerged from analysis of the
4-state matrix (Fig 1), and infants were

divided into 3 groups according to the
nature of their sleep-wake transitions.
The distributions of all transitions re-
lated to these 4 states are presented
below for each group.

Cluster 1 included high-arousal transi-
tions (N � 47). In this group, most of
the transitions involved states of high
arousal (active sleep or cry), with 83%
of the transitions being within or be-
tween active sleep and cry. Distribu-
tions of such transitions were as fol-
lows: 23% between active sleep and
cry, 24% within active sleep, 18% be-
tween active sleep and quiet sleep,
13% between cry and wake, and 5%
within cry. The remaining 17% of transi-
tions were as follows: 5% between ac-
tive sleep and wake, 0.5% between quiet
sleep and wake, 0.5% between quiet
sleep and cry, 9% within wake, and 2%
within quiet sleep.

Cluster 2 included organized sleep-
wake transitions (N � 38). In this
group, 66% of transitions were be-
tween or within low-arousal sleep and
wake states (quiet sleep or wake). The
distribution of such transitions was as
follows: 25% between quiet sleep and
wake, 25% within quiet sleep, and 16%
within wake. The remaining 34% of
transitions were as follows: 10% be-
tween active sleep and quiet sleep, 6%
between wake and cry, 6% between

Cluster 1: 
high-arousal
transitions

Cluster 2: 
organized  

sleep-wake
transitions

Cluster 3: 
disorganized sleep  

transitions Wake
Active
sleepCry

Quiet
sleep

5% 12% 

10%                       13%                         42% 
4% 4% 

Quiet
sleepWake

Active
sleep

16%
25%

25%

3% 

10% 
Cry

2% 
5.7%

5% 
24% 

Wake
Active
sleepCry

Quiet
sleep

13% 23%                         18% 
9% 

2% 

FIGURE 1
Three clusters depicting patterns of transitions between the 4 neonatal states among low birth weight
premature infants in the neonatal period. Clusters are based on probabilities of transitions between
states.
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wake and active sleep, 3% between ac-
tive sleep and cry, 4% between cry and
quiet sleep, 3%within active sleep, and
2% within cry.

Cluster 3 included disorganized
sleep transitions (N � 58). In this
group, 59% of transitions were be-
tween or within sleep states (active
sleep or quiet sleep), with 42% being
between active sleep and quiet sleep,
12% within active sleep, and 5%within
quiet sleep. The remaining 41% of tran-
sitions were as follows: 13% between
active sleep and cry, 10% between
wake and cry, 6% between active sleep
and wake, 3% between quiet sleep and
cry, 1% between quiet sleep and wake,
4% within wake, and 4% within cry.

Clusters were formed without infor-
mation about the infant’s subsequent
development, and follow-up assess-
ments were conducted by people who
were blinded to the infants’ cluster
membership. The overall proportions
of time infants in each group spent in
the 4 states (quiet sleep, active sleep,
wake, and cry) are presented in Table
1, and group differences are reported.

Neurodevelopmental Status

Infants were examined with the Neo-
natal Behavior Assessment Scale, by
a trained neonatologist. Items were
grouped into 6 clusters,37 and the ori-

entation, range of state, and regula-
tion of state clusters were used.

Infant Negative Emotionality at 3
and 6 Months

Infants were visited at home at cor-
rected age of 3 months and were vid-
eotaped interacting with their moth-
ers and fathers for 5minutes each. At 6
months, infants were videotaped inter-
acting with their mothers in the labo-
ratory. Interactions were coded with
the Coding Interactive Behavior
scale,38 a rating system for adult-child
interactions that includes multiple
codes that are rated from 1 to 5 and
are aggregated into several compos-
ites. The Coding Interactive Behavior
scale was well validated in multiple
studies of healthy and high-risk infants
and showed good psychometric prop-
erties.30,39–42 Consistent with previous
work,43 infant negative emotionality
was considered the average of infant
fussiness, infant fatigue, infant with-
drawal, and gaze aversion scores. Two
coders, who were blinded to other in-
formation, were trained to 90% agree-
ment. Reliability, which was measured
with 15 infants at each stage, averaged
96% (k � 0.86). Negative emotionality
scores with the mother and father
(r� 0.53; P� .001) and those at 3 and
6 months (r � 0.39; P � .001) were

correlated, and the 3 scores were av-
eraged into a negative emotionality
score.

Cognitive Development Across
Early Childhood

Trained psychologists assessed the in-
fants’ development with the Bayley
Scales of Infant Development II,44 at
corrected ages of 6, 12, and 24months.
The Bayley Scales of Infant Develop-
ment II yields 2 scores, the MDI and the
Psychomotor Developmental Index
(PDI). Children were tested with the
Wechsler Preschool and Primary Scale
of Intelligence45 at 5 years of age, and
verbal IQ scores were used. Different
psychologists tested the children at
each age, to ensure unbiased evalua-
tions. Testers at each agewere blinded
to the results of previous evaluations.

Executive Functions and Symbolic
Competence at 5 Years

Executive Functions

The executive function domain of the
Developmental Neuropsychological As-
sessment test46 was administered.

Symbolic Competence

Children’s symbolic competence was
coded on the basis of 10 minutes of
mother-child play with predetermined
toys. Sessions were coded in 10-

TABLE 1 Neonatal Information According to Sleep-State Cluster Group

High Arousal
(Cluster 1) (N� 47)

Organized Sleep-Wake
(Cluster 2) (N� 38)

Disorganized Sleep
(Cluster 3) (N� 58)

�2/U

Weight, mean� SD, g 1432� 356 1496� 599 1511� 448 NS
GA, mean� SD, wk 31.78� 3.04 31.65� 2.94 31.97� 3.20 NS
Clinical Risk Index for Babies score, mean� SD 2.23� 2.82 1.79� 1.35 1.81� 2.86 NS
Male/female ratio 52/48 45/55 55/45 NS
Distribution of states, mean� SD, %
Quiet sleep 35.8� 20.9 32.8� 17.8 44.3� 19.1 6.08, cluster 2� cluster 3a

Active sleep 39.8� 18.9 40.2� 19.2 29.5� 15.3 7.19, clusters 1 and 2� cluster 3a

Cry 4.8� 8.7 5.1� 6.2 3.1� 2.7 NS
Wake 19.6� 19.2 21.9� 18.2 23.1� 16.6 NS
Neonatal Behavior Assessment Scale score, mean� SD
Orientation 5.19� 0.85 5.95� 0.98 4.96� 0.86 5.87, cluster 2� cluster 3a

Range of state 3.80� 0.38 3.95� 0.68 3.85� 0.61 NS
Regulation of state 4.28� 0.93 4.96� 0.97 4.36� 0.88 NS

NS indicates not significant.
a P� .05.
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second frames.47–49 Symbolic compe-
tence was calculated on the basis of
the proportion of complex symbolic ep-
isodes, denoting recreated scenarios
from several hierarchically organized,
imaginary elements.

Statistical Analyses

Because the distributions of several
developmental outcome measures did
not show equal variance across
groups, a nonparametric approach to
data analysis was used. Group differ-
ences in developmental outcomes at
each age were tested with Kruskal-
Wallis tests, followed by posthocMann-
Whitney tests. Pearson correlations
examined the associations between
variables across the first 5 years.

RESULTS

Neonatal Stage

No differences in infant birth weight,
GA, medical risk, or male/female ratio
were found between the 3 state transi-
tion cluster groups (Table 1). However,
Kruskal-Wallis tests showed differ-
ences in the distributions of quiet
sleep (�2� 6.08; P� .048) and active
sleep (�2 � 7.19; P � .027). Posthoc
Mann-Whitney tests showed no differ-
ences between cluster 1 and cluster 2,
but differences were found between

cluster 2 and cluster 3 in quiet sleep
(U � 368.0; P � .017; area under the
curve [AUC]: 0.18) and active sleep
(U � 366.0; P � .016; AUC: 0.18). Simi-
larly, differences were found between
cluster 1 and cluster 3 in active sleep
(U� 532.5; P� .034; AUC: 0.18).

Differences in the Neonatal Behavior
Assessment Scale factors (orientation,
range of state, and regulation of state)
were tested with Kruskal-Wallis tests,
and differences were found in orienta-
tion (�2� 5.91; P� .05). Posthoc tests
showed differences between cluster 2
and cluster 3 (U� 69.5; P� .012; AUC:
0.03), which indicated that infants in
the organized sleep-wake cluster
showed better orientation already at
the newborn stage.

Infants’ Negative Emotionality

Kruskal-Wallis tests revealed differ-
ences in infant negative emotionality
scores at 3 and 6 months (Table 2).
Posthoc tests showed that infants in
cluster 2 expressed less negative emo-
tionality, compared with infants in
cluster 1 (U� 69.5; P� .012; AUC: 0.03)
and infants in cluster 3 (U� 385.0; P�
.0001; AUC: 0.19), during interactions
with their mothers and fathers.
Marginally significant differences
emerged between cluster 1 and clus-

ter 3 (U � 732.5; P � .07; AUC: 0.26),
with infants in cluster 3 expressing
more negative emotionality than those
in cluster 1.

Cognitive Development Across
Infancy

Results of the analyses assessing
group differences in infants’ MDI
scores at 6, 12, and 24 months showed
no group differences at 6 months but
significant differences at 12 and 24
months (Table 2). Posthoc tests
showed that, at 12 months, infants in
cluster 2 scored higher than infants in
cluster 1 (U � 449.5; P � .002; AUC:
0.18) and infants in cluster 3 (U �
598.5; P � .01; AUC: 0.25). Similarly, at
24 months, infants in cluster 2 showed
higher MDI scores than did infants in
cluster 1 (U � 362.5; P � .001; AUC:
0.20) and infants in cluster 3 (U �
412.5; P� .001; AUC: 0.20).

Similar analyses conducted with chil-
dren’s PDI scores at 6, 12, and 24
months showed group differences
only at 6 months and not at 12 and 24
months (Table 2). No differences were
found in the motor development of in-
fants in cluster 1 and cluster 2, but dif-
ferences were found in PDI scores at 6
months between cluster 2 and cluster
3 (U� 625.5; P� .014; AUC: 0.31).

TABLE 2 Emotional Regulation, Cognitive Development, and Symbolic and Executive Competences in State Transition Cluster Groups in First 5 Years of Life

High Arousal
(Cluster 1) (N� 47)

Organized Sleep-Wake
(Cluster 2) (N� 38)

Disorganized Sleep
(Cluster 3) (N� 58)

�2/U

Negative emotionality score at 3 and 6 mo,
mean� SD

1.39� 0.70 1.11� 0.27 1.56� 0.58 14.37, clusters 3 and 1� cluster 2a

MDI, mean� SD
6 mo 92.12� 8.27 95.93� 6.99 92.48� 8.60 NS
12 mo 83.93� 11.37 91.03� 6.70 85.52� 10.06 10.26, cluster 2� clusters 1 and 3b

24 mo 90.86� 14.50 120.70� 11.61 91.70� 12.94 16.33, cluster 2� clusters 1 and 3a

PDI, mean� SD
6 mo 83.23� 11.36 89.62� 18.83 81.00� 12.76 6.17, cluster 2� cluster 3c

12 mo 90.08� 11.92 87.84� 12.32 87.07� 11.06 NS
24 mo 88.06� 10.10 87.58� 8.63 87.14� 10.37 NS
Executive function score at 5 y, mean� SD 96.23� 10.73 102.96� 9.85 94.27� 13.63 8.96, cluster 2� clusters 1 and 3c

Symbolic play score at 5 y, mean� SD 2.04� 1.00 2.75� 0.92 2.22� 0.92 14.37, cluster 2� clusters 1 and 3a

Verbal IQ at 5 y, mean� SD 94.80� 22.43 110.29� 11.26 95.83� 16.24 9.86, cluster 2� clusters 1 and 3b

NS indicates not significant.
a P� .001.
b P� .01.
c P� .05.
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Executive Functions, Symbolic
Competence, and Verbal IQ at 5 Years

Group differences were found in exec-
utive functions, verbal IQ scores, and

symbolic development at 5 years (Ta-
ble 2 and Fig 2). Posthoc comparisons
revealed no differences between chil-
dren in cluster 1 and those in cluster 3.

However, children in cluster 2 scored
better than did those in cluster 1 with
respect to executive function (U �
300.0; P � .014; AUC: 0.16), verbal IQ
(U � 262.5; P � .003; AUC: 0.14), and
symbolic competence (U� 308.0; P�
.004; AUC: 0.17). Similarly, children in
cluster 2 showed higher levels of per-
formance than did those in cluster 3
with respect to executive function (U�
362.5; P � .006; AUC: 0.18), verbal IQ
(U � 275.5; P � .004; AUC: 0.13), and
symbolic competence (U� 427.0; P�
.021; AUC: 0.21).

Bivariate Correlations Between
Study Variables

Table 3 presents the intercorrelation
matrix for all variables related to de-
velopmental follow-up evaluations. The
low/modest correlations between
variables suggest some interrelated-
ness between measures but indicate
that the developmental outcomes
tested here represent a variety of
skills that do not load on a single fac-
tor. Finally, because the proportions of
states showed differences between
groups, we examined correlations be-
tween state distributions and outcome
measures. The proportions of cry
states were correlated with higher PDI
scores at 6 months (r� 0.18; P� .05)
and with greater negative emotionality
in infancy (r � 0.16; P � .05), but no
associations were found with 5-year
measures. These findings indicate
that, although state distributions dif-
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FIGURE 2
Developmental outcomes at 5 years according to state transition clusters in the neonatal period. Infants
characterized by organized sleep-wake transitions (cluster 2) showedbetter developmental outcomes at 5
years. A, Executive functioning; B, symbolic competence; C, verbal IQ. Boxes represent lower and upper
quartiles (Q1andQ3)errorbarsrepresentminimumandmaximumvalues.NEPSY indicatesDevelopmental
Neuropsychological Assessment test; WPPSI, Wechsler Preschool and Primary Scale of Intelligence. Infants
characterized by organized sleep-wake transitions showed significantly better executive functioning (a),
symbolic play (b), and verbal IQ (c) capabilities at 5 years.

TABLE 3 Bivariate Correlations Between Outcome Variables

r

MDI at 6
mo

MDI at 12
mo

MDI at 24
mo

PDI at 6
mo

PDI at 12
mo

PDI at 24
mo

Executive Function
Score at 5 y

Symbolic Play
Score at 5 y

Negative emotionality score at
3 and 6 mo

�0.01 0.05 �0.05 0.00 �0.11 �0.01 �0.02 �0.14

MDI at 6 mo — 0.42a 0.29a 0.55a 0.23a 0.21b 0.06 0.85
MDI at 12 mo — — 0.31a 0.31a 0.41a 0.22b 0.19 0.17
MDI at 24 mo — — — 0.19b 0.25a 0.33a 0.32a 0.24b

PDI at 6 mo — — — — 0.29a 0.10 0.05 0.09
PDI at 12 mo — — — — — 0.39a �0.08 0.11
PDI at 24 mo — — — — — — 0.12 0.08
Executive function score at 5 y — — — — — — — 0.27a

a P� .01.
b P� .05.
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fered among groups, they were not the
defining neonatal markers that pre-
dicted developmental trajectories; the
natures of the transitions between
sleep and wake states weremore pow-
erful in detecting infants at greater or
lesser risk. We also examined whether
the mean durations of each state (ie,
“bouts”) were related to outcomes. No
significant correlations between the
durations of states and any outcome
were found. Similarly, no group differ-
ences were found in the durations of
any state.

DISCUSSION

Neonatal states are neurobehavioral
constellations that index central ner-
vous system maturity, health, and ad-
aptation. The present study used a new
approach to examine state organiza-
tion, by focusing on how infants transi-
tion from sleep to wakefulness and
from states of high and low arousal.
The study also is the first to assess
long-term associations with neonatal
sleep across multiple domains. Re-
sults indicated that infants who shifted
more smoothly between quiet sleep
and wake states showed a more-
mature neurodevelopmental profile,
were better able to regulate negative
emotions, and exhibited better cogni-
tive and symbolic development, inde-
pendent of birth weight, GA, and sever-
ity of medical course. Furthermore, the
patterns of transitions between states,
rather than theproportionsordurations
of each state, differentiated infants at
higher and lower risk. Because the typi-
cal mode of an individual infant’s state
transitions can be assessed by medical
and nursing staff members after brief
training, these findings may provide a
useful clinical tool in the neonatal period
for identification of premature infants
whose development may follow a better
orworsecourse.Ourobservationsareof
particular value because the study pop-
ulation excluded infants who are typi-
cally considered to be at high medical

risk (eg,with grade III/IV intraventricular
hemorrhage or asphyxia) and those
growing in high-risk contexts (eg, with
single mothers or poverty). To date,
there are nearly no valid indicators that
can predict developmental outcomes
among premature neonates born at rel-
atively low risk, and the present findings
are thusof special clinical importance. In
particular, the results showing that the
typologic features of sleep-wake transi-
tions bear important consequences for
later development may lead to the for-
mation and implementation of interven-
tions that focuson improving sleeporga-
nization in the neonatal period.

Three types of sleep-wake transition
patterns emerged from themathemat-
ical clustering of the sleep-state tran-
sition probabilities. Infants in the high-
arousal transitions group tended to
shift between a highly aroused sleep
state (active sleep) and a highly
aroused wake state (cry). Although
those infants also showed transitions
involving wake and quiet sleep states,
most of their transitions included
shifts to and from epochs of high
arousal. Such shifts do not allow the
fragile premature infant complete
rest, which is required for growth, or
uninterrupted alertness, which is re-
quired for early sensory learning and
social contact. The maturation of the
biological clock depends on the con-
solidation of clear cycles of activity
and rest,12 and infants in the organized
sleep-wake transitions group seemed
to show the most robust maturation of
the biological clock.

The group that showed the poorest
outcomes, cluster 3, included infants
who transitioned mainly within sleep
states. Those infants had few opportu-
nities to reach the 2 optimal poles of
the arousal continuum, quiet sleep and
wakefulness, but also showed quick
cycling between short epochs of high
(active sleep) and low (quiet sleep)
arousal. These shifts are associated

with quick changes in brain activity ac-
companied by large metabolic expen-
ditures, which are detrimental to the
fragile premature brain50; therefore,
such nonmodulated transitions be-
tween arousal states may impede
neurobehavioral maturation. Interest-
ingly, this group also showed espe-
cially low levels of performance on the
orientation cluster of the Neonatal Be-
havior Assessment Scale. Possibly the
quick shifts between high and low
arousal decreased the newborn’s ca-
pacity to orient to the environment in a
regulated manner, and these early dif-
ficulties might have restricted the de-
velopment of cognitive and social com-
petences across early childhood.

Infants who showed more-organized
transitions between sleep and wake-
fulness also exhibited greater verbal
skills, greater symbolic competence,
and better executive functions at 5
years. Interestingly, differences in cog-
nitive functioning between groups
emerged only after the first year of life
and were observed at 12 and 24
months and in the 3 aspects of cogni-
tive development at 5 years. These find-
ings are consistent with longitudinal
studies showing that differences re-
lated to birth conditions may become
more apparent during the preschool
period.51 Moreover, cognitive develop-
ment during the preschool years, par-
ticularly the set of skills grouped un-
der “executive functions,” depends on
maturation of the prefrontal cortex.52

Prefrontal maturation, which is known
to depend on the environment, may re-
flect the associations between brain
maturation and sleep organization in
the neonatal period.53 The parent-child
relationship is of critical importance
in the pathway leading from neonatal
sleep to later outcomes, and it also is
possible that infants in the group with
more-regulated sleep elicited better
parenting and had more opportunities
for sensitive parental investment.
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Although state organization has long
been considered to provide the foun-
dation for the development of chil-
dren’s capacities for attention, orien-
tation to the world, and emotional
regulation,11–13,29 very little research
has examined the developmental out-
comes of individual variability in neo-
natal sleep organization. The present
results demonstrated that such out-
comeswere related not to the distribu-
tion of states or the mean duration of
each state but to the nature of the tran-
sitions between sleep and wakeful-
ness. Similar to findings for the auto-
nomic nervous system,54 it seems that
the way in which physiologic systems
cycle between states of activity and
rest and are able to accomplish the
cycling between polarized ends in a
rhythmic organizedmanner during the
period when the systems are still in an
immature stage may serve as an im-
portant indicator of the systems’ in-
nate coherence and potential for fu-
ture growth.

Future research is required to exam-
ine birth-related risks that may shape
long-term trajectories. Because most
studies focused on cognitive testing or
parental self-reports, future research
should include observed measures

of parenting, emotionality, or social re-
lationships, to broaden the scope of
skills assessed in relation to birth-
related conditions. Because the
parent-child relationship was not
examined here, future research is
needed to assess the independent and
combined contributions of early sleep
and parenting to children’s emotional,
cognitive, and symbolic development.
It also is important to assess whether
specific aspects of parenting, such as
parent-child verbal communications,
may moderate the effects of neonatal
sleep on children’s cognitive and sym-
bolic growth. The findings indicated
that infants in the high-arousal transi-
tions group showed the highest level of
negative emotionality, which might
have interfered with the development
of parenting and led to less parent-
child communication and conse-
quently lower levels of cognitive devel-
opment, and this hypothesis should be
tested. Finally, because we did not ex-
amine the distributions of sleep-wake
transitions for term infants, future re-
search is required to assess the links
between state transitions and chil-
dren’s cognitive, social, and emotional
dysfunctions in the general popula-
tion. Such research is especially

needed to devise specific parenting-
related interventions that can improve
the cognitive and emotional develop-
ment of premature infants found to be
at greater risk. We showed previously
that maternal-infant skin-to-skin con-
tact improves sleep patterns for pre-
mature neonates,16 and additional
research may specify parenting prac-
tices that can be applied throughout
infancy, can assist infants in develop-
ing better sleep organization, and can
lead to better outcomes.

Limitations of the study include the
lack of parent-child interaction data
for assessment of the impact of par-
enting in moderating the links be-
tween neonatal sleep and outcomes. In
addition, we included only middle-
class intact families, and generaliza-
tion of the findings to children growing
in more-disorganized environments,
which provide less regulated context
for growth, needs to be assessed. The
temporal organization of sleep as a po-
tential marker of developmental risk
requires further research for evalua-
tion of physiologic, behavioral, brain,
and mental aspects in healthy new-
borns, as well as among those born
under conditions of biological and en-
vironmental risk.
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