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Different physiologic measures during EEG sleep peri- discontinuous periods of EEG activity (i.e. quiet sleep). 
ods in preterm neonates are postulated to change with Sleep efficiency (p < 0.001), maintenance ( p  < 0.001), and 
maturation and reflect functional brain development. For- latency (p = 0.01) also decreased with increasing postcon- 
ty-three healthy preterm neonates received 3-h EEG sleep ceptional age. Cycle length between two segments of con- 
studies in an environmentally controlled setting. Postcon- tinuous EEG with an intervening period of EEG disconti- 
ceptional ages of neonates at each recording session ranged nuity also lengthened with maturation ( p  < 0.001). These 
from 28 to 35 wk. Minute-by-minute analyses of EEG findings are discussed in the context of previously reported 
discontinuity, motility, arousals, and REM were per- differences in phasic and continuity measures noted be- 
formed. Eight phasic events and continuity measures of tween preterm and full-term infants at matched full-term 
sleep were tabulated. Data were analyzed using Spearman postco~ceptional ages. Changes in phasic and continuity 
rank order correlation coefficients. Increases in arousal measures with increasing postconceptional ages reflect 
numbers ( p  < 0.001) and durations ( p  < 0.001) were noted maturation of specific neuronal processes of the CNS 
with age only during continuous periods of EEG activity within a rudimentary sleep cycle of the preterm neonate. 
(i.e. active sleep). REM also increased with corrected age (Pediatr Res 36: 732-737, 1994) 
during indeterminate or transitional sleep ( p  < 0.002) and 

1 decreased during quiet sleep ( p  < 0.01). Decreases in small 1 
body movements per minute ( p  = 0.02) and large body Abbreviations 
movements per minute ( p  < 0.001) occurred only during REM, rapid eye movement 

The concept of state during early brain ontogenesis of 
the preterm infant is controversial. It is generally ac- 
cepted that patterns representing sleep in preterm infants 
are highly variable (1) and less organized than patterns 
described for full-term infants (24) .  Conventional wis- 
dom dictates that organized sleep states do not appear 
before 31 wk  (1, 2) and are not well established until 36 
wk  postconceptional age (1-6). Several researchers, 
however, have questioned this assumption based on stud- 
ies of sleep in preterm infants. Rudimentary state differ- 
entiation in terms of motor, EEG discontinuity, and au- 
tonomic function have recently been described in early 
preterm infants (4, 7-18). Although four well-developed 
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sleep state segments of the full-term infant are not ob- 
served on the EEG recordings of preterm infants, specific 
physiologic measures may already have an established 
association during specific segments of the rudimentary 
EEG sleep cycle. 

Studies of the maturational trends of polysomnographic 
measures in asymptomatic, presumably healthy neonates 
will assist in the documentation of normative data, which 
can then be applied to the evaluation of neonates at risk for 
CNS disorders. Changes in phasic and continuity measures 
with maturation during sleep from 28-35 wk postconcep- 
tional age were investigated in a group of 43 healthy pre- 
term neonates who were assessed as neurodevelopmen- 
tally normal on follow-up assessment. 

METHODS 

Asymptomatic preterm neonates were prospectively 
recruited at 5 3 2  wk estimated gestational age from the 
neonatal intensive care unit at Magee-Womens Hospital 
and studied between postconceptional ages 28 and 35 wk. 
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No child had major medical illnesses, and all received at Table 1. Categories of state forpretemz infants based on 
least one cranial ultrasound that documented no signifi- EEG discontinuity * 
cant intracranial hemorrhage or other brain lesions. None State 1: continuous EEG (active sleep) 
required ventilatory assistance. Three h of paper- state 2: quiescent periods 5 12 s (active sleep) 

recorded EEG polysomnographic studies were obtained State 3: quiescent periods 23 (quiet 
State 4: quiescent periods 5 33 s (quiet sleep) 

between 2100 and 2400 as part of an all-night state 5: quiescent periods 5 47 s (quiet sleep) 
study- These 43 infants were assessed in our neurology Transitional sleep: minutes of EEG recording during which periods 
follow-up clinic from 18 mo to 3 y of age and were judged of quiescence could not be identified because of artifact (e.g. 

to be neurodevelopmentally normal, either by examina- movements, manipulation of the infant) 

tion or parental reportage. * Total = seconds of quiescence per minute. 
Twenty-one channels of EEG were recorded on a Ni- 

hon-l(hoden (model 4221, Irvine, EEG machine. were not initially used for state identification. However, 

Fourteen EEG channels, one electromyogram, two elec- certain minutes contained behavioral arousals that would 

trooculograms, two respiration, and one ECG channel not be included as strictly continuous or discontinuous 

were used. The time constant was 0.3 s with a paper EEG segments. Minutes of indeterminate or transitional 

speed of 15 mmls and sensitivity of ,,LVimm. One EEG sleep were therefore scored if more than 30 s of that 

technologist documented movements, behavioral particular minute could still be assigned an EEG discon- 

changes, and artifacts during each recording, which be- tinuity score, although an obvious behavioral arousal was 

gan after a feeding and diaper change. Review of the observed. For instances when artifact obscured the in- 

maternal and neonatal medical records was carried out by terpretation of EEG background activity for more than 30 

a neonatal nurse. All infants received a neurodevelop- s of that minute, the minute was not included in the 

mental assessment on the day of the recording (19). analyses. Fewer minutes of transitional sleep were then 

Scores of sleep state, arousals, and motility were tab- available for analysis than states 1 through 5.  

ulated per minute, as previously described (20). Minute- A number of polysomnographic measures were de- 

by-minute scores of EEG state and arousal number and fined. Cycle length was calculated as the number of 
duration (in seconds) were tabulated by the electroen- minutes of between two consecutive segments at 
cephalographer. Body movements and REM were tabu- least of an EEG state 
lated per minute by the EEG technologist. Body move- a dissimilar EEG state (e.g. a continuous 3-min segment 

ments per minute included five categories (i-e. total, face, of state 2 to the next 3-min segment of state 2). Cycle 

head, small, and large). All body movements were noted length based on state 2 was chosen because this EEG 

within a given minute, regardless of whether multiple sleep state was defined as the least amount of seconds to 

movement types were observed. No durations of these classify quiet sleep. Arousals were defined as electro- 

movements were recorded unless the movement was graphic reactivity with sudden attenuation or diminution 

judged to accompany an arousal as defined below. Large of EEG background rhythms, with or without behavioral 

body movements were identified if simultaneous move- responses or movements. Arousal events were distin- 

ments involving multiple muscle groups in an axial or guished from periods of EEG discontinuity in that move- 

appendicular distribution were observed (e.g. startle or ments Or electrom~ogram artifact were not present dur- 

squirm). Small body movements were identified if only ing the latter segment of the sleep cycle. These were 

isolated limb movements were observed (e.g. head or described as both numbers per minute and duration in 

arm). Head movements were distinguished from isolated Seconds per minute- 

facial movements such as grimacing or sucking. "Lights out" was the time at which the sleep study 
REM have been previously defined (20) and were iden- began and from which latency, and 

tified when synchronized out-of-phase pen deflections in maintenance were defined. Sleep onset was uniformly 

the two electrooculographic channels of at least 20 mV in defined as the first minute of after lights Out- 

amplitude were observed. Sleep latency was the amount of time from lights out to 

Intra- and interscorer reliability for sleep measures was the first full minute of sleep. Sleep efficiency was the 
greater than 90%. These hand-scored measures were percent of recording time 'pent and 
entered into the database; extracted files were analyzed maintenance was the percent of minutes of after the 

by the SAS statistical package (SAS, Inc., Cary, NC). first minute of sleep. 

State definitions included five EEG states based on the Histograms were used as an to assess 

total seconds of quiescence per minute, which were sim- the distributions of each variable. Because of nonnormal 

ilar to definitions by Connell et al. (9) and Eyre et  al. (10) distributions, Spearman rank order correlations were 

(Table 1). State 1 was characterized as completely con- then performed On each at increasing postcon- 

tinuous EEG background rhythms, and four degrees of ceptional ages. 

EEG discontinuity, through state 5, were also defined 
(Fig. 1). Because minutes of sleep were classified by the RESULTS 

total number of seconds of EEG quiescence or inactivity, Forty-three EEG sleep studies, one per neonate, were 
comparisons between EEG and polygraphic measures obtained from neonates ranging from 28 to 35 wk post- 
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Figure 1. One-min epochs of EEG representing state 1 (panel A)  through state 5 (panel E). States 2 through 5 demonstrate increasing EEG 
discontinuity. Polygraphic channels not shown. 

conceptional age as listed in Table 2. Descriptive statis- 
tics for all sleep measures are given in Tables 3 through 5. 
Tables 6 and 7 give correlation coefficient results of these 
sleep measures. 

Arousals. Postconceptional age was found to have a 
significant positive correlation with the number of arous- 
als as well as the duration of arousals per minute. This, 
however, was only significant for continuous EEG states 
(i.e. states 1 and 2); r values were 0.69 and 0.68, respec- 
tively (p < 0.001). 

REM. Significant positive correlations with maturation 
were seen with respect to the number of REM per minute 

Sleep latency also showed a negative correlation, only 
with continuous sleep (i-e. state I), with an r of -0.42 ( p  
< 0.01). 

Table 3. Descriptive statistics for postconceptional ages 
28 to 35 wk 

Variable Mean SD Range 

Continuous sleep (n = 43) 
Postconceptional age (wk) 32.27 1.88 28.00-35.00 
Arousal duration (slmin) 2.19 2.08 0-6.65 
Arousal numberlmin 0.15 0.15 04.48 
REMImin 2.04 1.61 0.11-7.80 

during transitional or indeterminate segments of EEG Headmovements/min - 
~1ee~j i . e .  r of 0 . 5 4 ; ~  < 0.002). Transitional sleep segments 

~ a ~ l ~ ~ ~ " , " , " ~ ~ ~ t s l m i n  
occurred in only nine of the 21 neonates younger than 33 L~~~~ body movements/min 
wk postconceptional age. Significant negative correlations Total body movements/min 

for REM per minute with age were noted, however, during D i ~ c ~ n t i n ~ ~ ~ ~  sleep (n = 43) 

discontinuous sleep (i-e. r = -0.39, p < 0.01). Arousal duration (stmin) 
Arousal numberlmin 

Cycle length. Cycle length based on state 2 of EEG R E M / ~ ~ ~  
discontinuity showed a positive correlation with increas- Head movements/min 

ing postconceptional age, with an r of 0.59 ( p  < 0.001). Face movements/min 
Small body movements/min 

Cycle lengths based on the other four states showed no Large body movementslmin 
significant trends with maturation. Total body movements/min 

Sleep eflciency, maintenance, and latency measures. Indeterminate sleep (n = 31) 

Negative correlations were noted with respect to sleep (s/min) 
Arousal numberlmin 

efficiency and maintenance, both with decreasing values REMlmin 
as the preterm infant matured to 35 wk postconceptional Head movements/min 
ages; r values for both measures were -0.72 with signif- Face movementslmin 

icance levels of <0.001. Small body movements/min 
Laree bodv movementslmin - 
Total bodv movements/min 

Table 2. Postconceptional ages of 43 neonates All sleep states 
Latency to state 1 (min) (n = 39) 19.10 20.11 0-63.00 

Postconceptional age (wk) 28-29 30-31 32-33 3635  Efficiency (n = 43) 0.92 0.10 0.71-1.00 
Subjects 3 13 15 12 Maintenance (n ='43) 0.92 0.10 0.71-1.00 
Range of postnatal age (wk) 1.6-3.0 0.7-3.6 1.7-4.6 1.3-5.0 Cycle length (min) (n = 39) 24.00 21.46 4.00-92.00 
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Table 4. Descriptive statistics for postconceptional ages 
28 to 31 wk 

Variable Mean SD Range 

Continuous sleep (n = 16) 
Postconceptional age (wk) 30.19 0.91 28.00-31.00 
Arousal duration (slmin) 0.53 0.79 0-2.40 
Arousal numberlmin 0.04 0.05 04.13 
REMlmin 1.97 1.81 0.11-7.80 
Head movementslmin 0.07 0.06 0-0.17 
Face movements1min 0.55 0.23 0.241.13 
Small body movementslmin 0.17 0.14 04.45 
Large body movementslmin 0.27 0.14 0.040.63 
Total body movements1min 1.07 0.36 0.40-1.73 

Discontinuous sleep (n = 16) 
Arousal duration (s/min) 0.20 0.58 0-2.31 
Arousal numberlmin 0.01 0.04 0-0.14 
REMImin 0.08 0.13 0-0.41 
Head movements/min 0.03 0.03 0-0.08 
Face movements/min 0.30 0.16 0.07-0.70 
Small body movements/min 0.14 0.15 04.43 
Large body movements1min 0.29 0.26 0.03-1.01 
Total body movements/min 0.76 0.49 0.20-1.93 

Indeterminate sleep (n = 6) 
Arousal duration (slmin) 20.64 16.47 046.67 
Arousal numberlmin 0.47 0.35 0-1 .OO 
REMImin 0.21 0.35 04.86 
Head movements/min 0.02 0.06 04.14 
Face movements/min 0.17 0.23 0-0.57 
Small body movements/min 0.07 0.07 0-0.14 
Large body movementslmin 0.96 0.84 0-2.00 
Total body movements1min 1.21 1.00 0-2.14 

All sleep states 
Latency to state 1 (min) (n = 12) 33.75 22.25 0-63.00 
Efficiency (n = 16) 0.99 0.02 0.96-1.00 
Maintenance (n = 16) 0.99 0.02 0.96-1.00 
Cycle length (min) (n = 16) 13.13 10.87 4.0043.00 

Body movements. State-specific decreases in small and 
large body movements were noted with increasing post- 
conceptional age. Such changes were noted only during 
quiet sleep, with an r of -0.53 ( p  < 0.001) for large body 
movements and an r of -0.38 ( p  < 0.02) for small body 
movements. 

In contrast, head and facial movements showed a state- 
specific increase in number with maturation during active 
sleep, with a positive r of 0.44 ( p  < 0.005) for head 
movements and an r of 0.33 ( p  < 0.05) for face move- 
ments, and during indeterminate sleep with a positive r of 
0.39 ( p  < 0.05) for head movements and a positive r of 
0.50 ( p  < 0.005) for facial movements. 

DISCUSSION 

Comparisons were made between each of eight phasic 
and 14 continuity measures with increasing postconcep- 
tional ages from 28 to 35 wk in 43 healthy preterm 
neonates. Increasing numbers and durations of arousals 
were noted during continuous EEG. This finding should 
be considered in the context of our previously reported 
findings of decreased arousal numbers and durations dur- 
ing quiet sleep in preterm infants when they reach post- 
conceptional term ages (20). Neuronal mechanisms re- 
sponsible for arousal appear to mature early during 

Table 5. Descriptive statistics for postconceptional ages 
32 to 35 wk 

Variable Mean SD Range 

Continuous sleep (n = 27) 
Postconceptional age (wk) 
Arousal duration (slmin) 
Arousal numberlmin 
REMImin 
Head movements/min 
Face movements/min 
Small body movementslmin 
Large body movements/min 
Total body movements/min 

Discontinuous sleep (n = 27) 
Arousal duration (slmin) 
Arousal nurnberlmin 
REMImin 
Head movements/min 
Face movements/min 
Small body movements/min 
Large body movements/min 
Total body movements/min 

Indeterminate sleep (n = 25) 
Arousal duration (slmin) 
Arousal nurnberlmin 
REMImin 
Head movements/min 
Face movernentslmin 
Small body movementslmin 
Large body movements/min 
Total body movements/min 

All sleep states 
Latency to state 1 (min) (n = 27) 
Efficiency (n = 27) 
Maintenance (n = 27) 

Cycle length (min) (n = 23) 

gestation and are already segregated to the continuous 
EEG segments before 35 wk postconceptional age. Major 
maturational changes in the reticular activating system 
that subserve arousals seem to occur during continuous 
rather than during discontinuous EEG states in the pre- 
term neonate. 

Changes in sleep maintenance and efficiency measures 
with increasing postconceptional age have not been pre- 
viously reported for preterm infants. Decreasing trends 

Table 6. Spearman correlations of phasic measures with 
postconceptional age by EEG sleep state in preterm infants 

Continuous Discontinuous Indeterminate 
sleep sleep sleep 

(n = 43) (n = 43) (n = 31) 

r D r D r D 

Body movements 
Total 
Head 0.44 <0.005 0.39 <0.05 
Face 0.33 <0.05 0.50 <0.005 
Small -0.38 0.02 
Large -0.53 0.001 

Arousals 
Number 0.69 10.001 
Duration 0.68 <0.001 
REMImin -0.39 10.01 0.54 <0.002 
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Table 7. Spearman correlations of continuity measures with 
vostconcevtional age 

r P n 

Latency -0.42 10.01 39 
Efficiency -0.72 <0.001 43 
Maintenance -0.72 <0.001 43 
Cycle length (state 2 to state 2) 0.59 <0.001 39 

of these two polysomnographic variables reflect the ne- 
onate's improved ability to arouse, as previously dis- 
cussed in terms of arousal numbers and durations. An 
improved ability to maintain arousal may secondarily 
result in longer periods of active sleep, which also in- 
crease with maturation (1). 

Longer sleep-cycle periods and shorter sleep latencies 
before active sleep were also noted with increasing post- 
conceptional age. This culminates in longer sleep cycles 
in preterm infants by a postconceptional term age than in 
the full-term infants (18). Lengthening of the sleep cycle 
is apparently occurring during prematurity, before the 
neonates reach postconceptional term ages. Others have 
also confirmed these sequential changes in EEG continu- 
ity and discontinuity with increasing postconceptional 
age (9-12, 16). 

Motility during neonatal sleep has been reported (14- 
18, 21-24). Decreases in the numbers of small and large 
body movements during discontinuous EEG reflect the 
early maturation of certain state-specific motor behav- 
iors. By a postconceptional term age, fewer large body 
movements are noted during quiet sleep age as compared 
to full-term infants (20). Kohyama and Iwakawa (14) also 
reported a decrease in gross body movements with in- 
creasing age (i-e. 33-184 postconceptional wk), however, 
these were older infants and movements were not iden- 
tified by EEG sleep state. Corticospinal pathways that 
mediate these motor behaviors may therefore be affected 
by specific states of arousal. 

Increases in head and facial movements with matura- 
tion only during active and indeterminate sleep follow a 
different maturational trend, possibly reflecting an 
emerging postural reflex. Increased numbers of head 
movements in the older preterm infant may facilitate the 
appearance of the tonic neck reflex, which is a postural 
reflex only elicitable on examination after 32 wk EGA 
(19)- 

Although Curzi-Dascalova (17) found a predominance 
of body movements during active sleep in the preterm 
neonate, this author reported no decreasing trends with 
maturation. However, the small population sizes in that 
study during each postconceptional age range may, in 
part, explain the discrepancies with our findings. Others, 
however, also reported decreased body movement 
counts with increasing age (14, 15). What is more, spe- 
cific aspects of body movements during active and quiet 
sleep have also been previously documented (5). 

We have reaffirmed findings regarding REM by Curzi- 
Dascalova et  al. (17, 18), who reported an association 

between REM occurrences and specific sleep states. 
They reported that all infants after 31 wk postconcep- 
tional age with more than 5 min of "stable active sleep" 
were associated with the presence of REM. Our more 
strict definition of EEG continuity allowed us to reach the 
same conclusion in an inverse manner for discontinuous 
EEG segments; significant decreases in REM were noted 
during discontinuous EEG state (i.e. quiet sleep). Older 
preterm infants (i.e. >33 wk) in our study also demon- 
strated more REM during indeterminate or transitional 
state segments, as reported by Kodyama et al. (15). 

Normative data such as those presented in our report 
help define specific neurophysiologic behaviors during 
sleep in the healthy, asymptomatic preterm neonate. 
Such data can be compared with sleep behavior in neo- 
nates with suspected brain disorders. Several reports 
have already described altered movement patterns and 
sleep-state disturbances in full-term neonates with either 
structural brain lesions or encephalopathies (6, 21-26). 

Conclusions reached from these exploratory analyses 
are only tentative. There is a comparison-wise error rate; 
each sleep measure was correlated separately with in- 
creased postconceptional age. State organization, on the 
other hand, is more accurately defined by interactions 
among multiple polysomnographic parameters (ie. EEG, 
somatotopic, autonomic, and arousal measures) that 
have predictable temporal relationships (17). We are 
therefore examining multiple neonatal sleep measures 
with appropriate statistical algorithms that will analyze 
physiologic phenomena that may not be normally distrib- 
uted and change continuously during varying levels of 
arousal (27). 
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