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Clinical Investigation

Neurological maturation of late preterm infants at 34 wk
assessed by amplitude integrated electroencephalogram

Ross Sommers', Richard Tucker', Chellamani Harini? and Abbot R. Laptook’

BACKGROUND: This study tested if measures of central
nervous system (CNS) immaturity reflected by amplitude
integrated electroencephalogram (aEEG) and associated clini-
cal morbidities are determinants of length of hospitalization
among late preterm infants born at 34 wk.

METHODS: This was a prospective cohort study of infants
with a gestational age of 34wk 0-6 d who had a single aEEG
recording acquired over 6h in a neonatal intensive care unit
within 72h of birth (n = 80). Infants were followed for pre-
defined morbidities (classified as CNS or non-CNS) and length
of hospitalization (determined by the clinical care team). aEEG
variables were correlated with length of hospitalization.
RESULTS: Fighty infants were enrolled and 75 aEEG record-
ings were analyzed. The average length of hospitalization was
10.4+7.2d (range 3-46 d). The total number of cycles recorded
in the first 72 h following birth were inversely correlated with
the length of hospitalization (> = 0.44, P < 0.001). Kaplan—-Meier
curves indicated that morbidities consistent with neurological
immaturity were associated with a longer length of hospital-
ization (P < 0.001).

CONCLUSION: Neurological maturation as indicated by aEEG
and specific clinical morbidities is an important determinant of
length of hospitalization among late-preterm infants.

Late preterm infants (gestational age of 34wk 0-6 d) rep-
resent >70% of all infants born <37-wk gestation (1).
Late preterm infants have increased morbidities and require
disproportionate healthcare resources compared with term
infants (2,3). Short term morbidities encountered in late pre-
term infants include respiratory distress syndrome (RDS),
retained lung fluid, sepsis evaluations, temperature instabil-
ity, hyperbilirubinemia, hypoglycemia, apnea, and poor feed-
ing (4-9). These morbidities reflect incomplete maturation of
multiple organ systems including the central nervous system
(CNS) (10). At 34wk, the brain weighs only 65% of the term
brain weight and an increase in synaptogenesis and dendritic
pruning accompanies further growth until term (10). These
observations suggest that CNS-related morbidities may be
prominent among late preterm infants at 34 wk and contrib-
ute to the length of hospitalization. Understanding the ontog-
eny of brain growth, the frequency of apnea, and maturation

of breathing and deglutition among late preterm infants has
been identified as important research areas (1).

The amplitude-integrated electroencephalogram (aEEG) is a
bedside device to monitor cerebral electrical activity. It provides
an index of cerebral background activity and correlates with
the background pattern of a full EEG (11). Premature infants
undergoing serial aEEG recordings after birth demonstrate
maturational changes characterized by increasing frequency
of cycles (derived from repetitive changes between continuous
and discontinuous EEG activity), decreasing discontinuity and
a narrowing of the span (12). These changes suggest that aEEG
maybe a potential neurophysiologic marker for CNS-related
morbidities among late preterm infants. We postulated that
the extent of neurological maturation of infants born at 34 wk
is an important determinant of the length of hospitalization.
To test this hypothesis, we acquired aEEG recordings in the
first 72 h following birth to determine if a more immature pat-
tern was associated with a longer length of hospitalization. A
secondary-related hypothesis was that longer hospitalizations
for infants born at 34 wk are more frequently associated with
morbidities attributable to CNS immaturity compared with
non-CNS morbidities.

RESULTS

During the study interval, 234 infants were admitted to the
neonatal intensive care unit (NICU) between 34wk 0-6 d; 92
mothers were not approached (dating by last menstrual period
only), 18 refused consent, and 44 were not approached (inves-
tigator unavailable), leaving enrollment of 80 infants. Maternal
and infant characteristics are listed in Table 1. None of the
infants had fetal acidemia (pH < 7.0) at or after birth. Length
of hospitalization ranged from 3 to 46 d with an average of
10.4+7.2 d (median, 9 d, interquartile range, 6-12 d).

Five infants had aEEG recordings that could not be evalu-
ated (2-h recording in two, poor impedance in three). The age
at aEEG acquisition was 26+ 15h and the cycle frequency or
length of hospitalization did not differ with postnatal age at
aEEG (Table 2). There was wide variability in aEEG findings
with immature patterns (lower border (LB) near 5 micro-
volts, few cycles) and more mature patterns (elevated LB, well
defined cycles) (Figure 1). The distribution of cycle type was
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Table 1. Maternal and infant characteristics

Maternal
Age 277y
Gestational diabetes 8%
Twins 11%
Pre-eclampsia 17%
Placental abruption 5%
Premature rupture of membranes 4%
Preterm labor 43%
Betamethasone 16%°
Cesarean section 41%

Infant
Gestational age (wk, d) 34wk3d+2d°
Birth weight (g) 2,338+330¢g°
Male 58%
White/black/Hispanic/other 50/12/12/26%
Apgar—1 min 8(8,9)°
Apgar—>5 min 9(8,9)

“Receipt within 2wk of delivery. "Mean + SD. “Median (interquartile range).

Table 2. Mean number of cycles per hour and length of
hospitalization as a function of age at acquisition

Cycles Length of
Age of aEEG acquisition n (number/h) hospitalization (d)
Frombirthto 12h 18 0.55+0.14 11.7+9.6
>12-24h 21 0.58+0.13 11.8+£9.3
>24-36h 19 0.55+0.09 11.5+5.9
>36-48 h 7 0.67+0.14 7.2+2.1
>48 h 10 0.59+0.14 10.3+4.7

akEG, amplitude integrated electroencephalogram.
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Figure 1. Amplitude integrated electroencephalogram recordings from
two infants. The top panel shows an immature pattern: lower border
predominately at or below 5 micro-volts and without cycles >2.5h (23-d
hospital stay). The lower panel shows a mature pattern: elevated lower
border during noncycle activity and two cycles (3-d hospital stay).
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43,47, and 10% for mature, immature, and interrupted, respec-
tively. There was moderately good interobserver reliability for
classifying mature, immature, and interrupted cycles (kappa,
0.77,0.70, and 0.67, respectively).

There was a total of 0.57+0.13 cycles/h (range 0.25-0.73).
An increasing frequency of cycles/h correlated with a shorter
hospitalization and a polynomial regression accounted for
more of the variance compared with a linear regression (poly-
nomial: 7 = 0.44, P < 0.01, linear: r* = 0.34, P < 0.01, Figure 2a).
Similarly, an increasing frequency of cycles/h correlated with
a shorter length of hospitalization for infants with RDS, and
for infants without RDS (Figure 2b). However the relationship
differed among infants with RDS since the hospitalization was
longer (14.6+10.2 vs. 10.0+ 6.4 d, RDS vs. no RDS, respectively,
P =0.028) but the frequency of cycles/h was similar (.56 +0.14
vs. 0.58+0.13 cycles/h with and without RDS, respectively).
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Figure 2. The relationship between total cycles/h and hospital stay. (a)
Increasing cycle number was associated with decreasing hospital stay
(y=59.1 — 143.5x + 99x2, r* = 0.44, P < 0.001) for all infants. Panel b displays
the same cohort of infants but indicates the presence or absence of RDS by
open triangles and closed circles, respectively.
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For infants with RDS the quadratic regression (hospitalization
duration = 89.3 — 2.54 cycles + 2.04 cycles?) was improved by
the cycle? term (P = 0.017.) but not for infants without RDS
(hospitalization duration = 41.6 — 0.97 cycles + 0.97 cycles?) (P
= 0.10). Increasing ratios of mature to total cycles correlated
with a shorter hospitalization (r* = 0.07, P = 0.02) and increas-
ing ratios of immature plus interrupted to total cycles correlated
with a longer hospitalization (> = 0.08, P = 0.02). An aEEG with
<0.56 cycles/h predicted a prolonged hospitalization with a sen-
sitivity of 87%, specificity of 57%, positive predictive value of
20%, and a negative predictive value of 97%.

The average LB and span voltages for intercycle intervals
were 7.6+1.1 mcv and 10.2+2.2 mcv, respectively. A lon-
ger hospitalization was associated with decreasing LB (1 =
0.1, P < 0.01) but not the span. The LB of infants with RDS
(7.2+1.3 mcv) was marginally lower than infants without
RDS (7.7 +0.91 mcv, P = 0.049) but there were no differences
in span. Fifty-six and 24 infants were studied in the old and
new NICU, respectively, and the cycle frequency and length of
hospitalization was similar. There were no differences in aEEG
variables by gender or mode of delivery.

Table 3. Theincidence and duration of neonatal morbidities

Duration

Incidence Median
CNS morbidity % (d) 25th-75th Range
Immature suck 76 6 4-9 3-46
swallow
Desaturations 50 6 4-8 3-41
Apneas 29 3 2-6 2-25
Non-CNS morbidity
Respiratory distress 23 4 3-5 2-18
syndrome
Pneumonia 25 5.5 5.3-58 5-6
Transient tachypnea 10 1.5 1-2 1-3
of the newborn
Temperature 79 5 3-6 2-18
instability
Gastrointestinal 55 5 4-7 1-13
intolerance
Hyperbilirubinemia 40 5 4-6 2-13
Sepsis evaluation 62 2 2-2 2-7
Hypoglycemia 6 1 1-1.5 1-3
Necrotizing 1 7 7

enterocolitis

Immature suck swallow coordination was inferred from feedings interrupted by
choking events or slow feeding requiring intravenous supplementation or use of a
gavage tube. Desaturations were falls in oxygen saturations <80% with or without
feeding. Apnea were pauses in respirations >20 s. Respiratory morbidities (RDS, TTN,
pneumonia) were distinguished by their course and characteristic radiographic
findings. Temperature instability was defined by the use of exogenous heat to maintain
body temperature. Gastrointestinal intolerance was defined by episodes of emesis,
residuals, or abdominal distension. Hyperbilirubinemia was defined by elevated
bilirubin concentrations requiring phototherapy. Sepsis evaluations were determined
by the use of antibiotics. Hypoglycemia was determined by a blood glucose
concentration <40 mg%. Necrotizing enterocolitis was defined by Bell's criteria.

CNS, central nervous system; RDS, respiratory distress syndrome; TTN, transient
tachypnea of the newborn.

Copyright © 2013 International Pediatric Research Foundation, Inc.

CNS and non-CNS morbidities were common (Table 3).
Eleven (12%) infants required ventilator support (median
duration, 1.5 d) and 8 (10%) received surfactant. Twenty (25%)
infants received continuous positive airway pressure (median
duration, 2 d) and 17 (21%) received nasal cannula (median
duration, 3 d). There were no deaths, positive blood cultures,
caffeine use, volume expansion, pressor support and one infant
was discharged home on an apnea monitor.

The average length of a short and prolonged hospitalization
(1st and 4th quartile, respectively) was 4.8+ 1 and 19.4£9.7 d,
respectively. Morbidities persisting closest to the time of dis-
charge were CNS related for 18 of the 20 infants with a pro-
longed hospitalization (desaturation events in 11, immature
suck-swallow in 7) compared with only 5 of the 20 infants with
a short hospitalization (P < 0.01, x*). Kaplan-Meier curves
demonstrated that duration of hospitalization was longer for
those with prolonged CNS-related morbidities compared with
non-CNS morbidities (P < 0.001, Figure 3).

DISCUSSION
The results of this investigation support a heterogeneous neu-
rological maturation among infants born at 34 wk, which is an
important determinant of the length of hospitalization. The
aFEG acquired in the first 72 h after birth indicated an inverse
relationship between the number of cycles/h and length of
hospitalization; specifically, fewer cycles/h, as observed with
greater immaturity, was associated with a longer length of
hospitalization. The relationship was present irrespective of
the presence or absence of RDS, but was more pronounced
for infants with RDS. Parallel to these findings was that CNS-
related morbidities were more commonly associated with a
longer hospitalization compared with non-CNS morbidities.
Enrollment was purposefully limited to 34-wk gestation.
This limits gestational age related changes in aEEG (12-14)
and focuses on the lower gestational age of late preterm infants
who are known to have a higher frequency of morbidities
which may require intensive care compared with infants at
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Figure 3. Kaplan-Meier curves comparing the duration of hospitalization
for any CNS-related and any non-CNS morbidity. Infants with CNS morbidi-
ties are indicated by the solid line and infants without CNS morbidities are
indicated by the dashed line. CNS, central nervous system.
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Figure 4. Examples of different cycles (labeled with an arrow) with time on the x-axis and amplitude integrated electroencephalogram voltage (micro-
volts) on the y-axis. The top tracing represents a mature cycle. The middle two tracings represent immature patterns. The bottom tracing represents an

interrupted pattern with two cycle intervals separated by noncycle activity.

35-36wk (9,15-17). Thus, accurate gestational age was criti-
cal and infants were enrolled only if a first trimester sonogram
was available (18). Exclusion criteria avoided conditions which
may alter the aEEG recording independent of maturation.

In this investigation, intermittent widening of the aEEG
span was classified as a cycle and was not labeled a sleep-wake
cycle or quiet sleep (19). We did not combine the aEEG with
observations of movement, behavior or rapid eye movements
to characterize sleep, wakefulness or transitions between these
states. Although sleep-wake states can be identified in preterm
infants (20), cohorts studied are usually stable without mor-
bidities of prematurity (21,22). We examined the aEEG and
specifically the number of cycles as a neurophysiologic marker
to determine if it could indicate neurological maturation
for infants of a single week of gestation. A low frequency of
cycles was not considered a manifestation of EEG suppression

708 Pediatric RESEARCH Volume 74 | Number 6 | December 2013

following brain injury (e.g., hypoxia-ischemia) since none of
the infants had supportive clinical data (fetal acidemia, low
Apgars, need for resuscitation) or exposure to drugs known
to suppress EEG activity. Cycles have been demonstrated in
infants studied between 25 and 30 wk by the presence of alter-
nating intervals of EEG discontinuity (23). The presence of
cycles on aEEG has been reported as early as 26 wk (24,25).
However, determination of cycles is difficult in extremely pre-
term neonates, since much of the aEEG tracing is discontinu-
ous. These observations may explain the only moderate extent
of agreement for determination of cycles among two observers
examining the aEEG for this study. These considerations have
led to tier classification of cycle appearance, including mature,
imminent or immature, interrupted and absence of cycles
(13,26). Our results indicate that many infants at 34-wk gesta-
tion have cycles with an immature or interrupted appearance.

Copyright © 2013 International Pediatric Research Foundation, Inc.
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The evolution of cycles with increasing postnatal age remains
uncertain without subsequent recordings.

A lower number of cycles/h in the first 72 postnatal h was
associated with a longer hospitalization. Similarly, persistence
of CNS clinical morbidities was associated with a longer hos-
pitalization. Our results demonstrate a high frequency, pro-
longed duration, and overlap in time of apparent immature
suck-swallow coordination, desaturation events and apnea
that are consistent with the ongoing maturation of feed-
ing and respiratory events in the late third trimester (27,28).
These observations support the neurological state at birth as
an important determinant of length of hospitalization among
infants at 34-wk gestation. Whether there are important dif-
ferences in the association between cycles and length of hos-
pitalization among infants with and without RDS is unclear
given the small cohort with RDS. In spite of the association,
the low specificity and positive predictive value between cycles
and length of hospitalization, as well as only moderate level
of agreement for determination of cycles indicates that aEEG
is not helpful as a screening tool or in the clinical decisions
regarding specific late preterm infants. The LB of the aEEG was
also inversely correlated with length of hospitalization but the
LB accounted for less of the variance in hospital stay than total
cycles.

The aEEG recordings were acquired within 72 h of birth and
some at <24h of age. There has been concern that the birth
process may disrupt infant state and prevent reliable charac-
terization of state immediate postnatally (29). Whether this
pertains to aEEG is unclear since we did not perform serial
measurements among study subjects. However, there were
no differences in cycles/h when day of aEEG acquisition was
compared. Furthermore, the extra-uterine environment is
associated with maturation of the aEEG (30,31). Therefore, we
balanced aEEG acquisition that would represent maturation at
birth and allow a feasible approach for recruitment.

There are limitations to this study. Enrollment was limited to
34wk and results may have been more robust if all late preterm
infants were studied. Unfortunately, this was not feasible since
many late preterm infants especially at 35- and 36-wk gesta-
tional ages were well enough for care outside of a NICU. This
investigation did not have a large enough sample size to rigor-
ously examine other variables that may affect organ maturation
such as maternal diabetes and gender (32,33). We used length
of hospitalization as a proxy for resolution of clinical mor-
bidities. It is acknowledged that wide variations in the length
of stay for premature infants may also reflect management of
specific morbidities (e.g., apnea) (34-36) and even reflect unit
census (37). Since our observations were from a single NICU,
physician or clinical team preference may influence recogni-
tion of mature behavior and affect length of hospitalization.
Nonetheless, the time of discharge was determined by the clini-
cal care team reflecting 14 different Attending Physicians, and
the characterization of clinical morbidities including CNS- or
non-CNS-related grouping was done prospectively. Finally, the
aEEG recording represents only one time point and serial aBEEG
recordings may provide important information.

Copyright © 2013 International Pediatric Research Foundation, Inc.

The predictive indices for the association between total num-
ber of cycles and length of hospitalization do not support use of
aEEG as a helpful tool for the clinical management of late pre-
term infants or counseling their families. Furthermore, tran-
sient aEEG suppression secondary to brain injury or specific
drugs are important caveats in the interpretation of aEEG. In
the absence of such conditions, the associations between both
aEEG cycles and CNS clinical morbidities with length of hos-
pitalization add to our understanding of late preterm infants.
These observations provide valuable insights into a neurophysi-
ologic basis for a substantial portion of the variance in duration
of hospitalization for this cohort of late preterm infants.

METHODS

Study Design

This is a prospective cohort study of infants admitted to the NICU
of Women & Infants Hospital of Rhode Island and was performed
from September 2008 to April 2010 after Institutional Review Board
approval and parental consent.

Inclusion and Exclusion Criteria

Entry criteria included a gestational age of 34wk 0-6 d using first
trimester ultrasound dating and NICU admission. During the study,
all infants of 34-wk gestation were triaged to the NICU for a 6h
observation period; infants could room in with the mother or go to
the Newborn Nursery if transition was successful. However, most
Attending Physicians used <35wk as an admission criterion due to
morbidities remote from birth. Exclusion criteria included small for
gestational age (<1600 g), major anomalies, clinical seizures, maternal
substance abuse, and congenital infections.

Study Intervention

Infants had a single 6-h aEEG recording at the bedside in the first
72 h of life and were prospectively followed for predefined morbidities
and length of hospitalization. From September 2008 until September
2009, infants were cared for in open bays and after which infants were
cared for in single patient/family rooms of a new NICU.

Amplitude Integrated EEG Acquisition and Analysis

All recordings were performed using the BrainZ BRMS3 monitor
(Natus Medical, San Carlos CA) using five disposable hydrogel elec-
trodes in the C3-P3 and C4-P4 locations of the head and a ground
lead on the shoulder. The skin was prepared using Nu-Prep and
impedance was continuously monitored. aEEG voltage values were
determined by the BRM3 and displayed by the BrainZ Analyze offline
software. Only the cross-cerebral (P3-P4) channel was analyzed.

Each aEEG was analyzed independently by two investigators (RS
and CH) without knowledge of the length of hospitalization. The total
number of cycles was determined and represented the primary pre-
dictor variable. The term cycles was used in preference to sleep-wake
cycles since data on the behavioral state was not recorded. Cycles
represent the repetitive changes between continuous and discontin-
uous EEG activity as described by Kidokoro et al. (19). Cycle type
was prospectively defined based on published criteria (12-14) and
are described below (Figure 4). Cycles were visually identified and
Analyze was used in cases of uncertainty to establish cycle criteria.
Differences were adjudicated between investigators.

Mature Cycle: Criteria included all of the following: (i) duration of
20-60 min, (ii) upper border voltage increase by at least 10% compared
with the preceding or subsequent 20 min of aEEG, and (iii) LB voltage
decrease to either at least 5 mcv for 50% of the cycle duration, or at
least 15% lower than 20 minutes of the preceding or subsequent aEEG.

Immature Cycle: Criteria included either (i) duration of 20-60 min-
utes with a LB voltage as for mature cycles or (ii) duration of 10-20
minutes with an upper and LB voltage as for mature cycles.

Interrupted Cycle: Criteria included an interval that fulfills the
mature cycle criteria but is interrupted by <20 minutes of noncycle

Volume 74 | Number 6 | December 2013 Pediatric RESEARCH 709
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activity. This gives the appearance of two individual cycles and a total
duration <60 minutes.

After identifying cycles, aEEG data were exported as a Windows
Excel file to display upper and LB voltages at 1 minute intervals.
Voltage values were then calculated for the cycle and noncycle inter-
vals. Variables included LB voltage, span (upper and LB voltage differ-
ence), and discontinuity (the time voltage activity <5 mcv). Frequency
of cycles was calculated from the number of cycles and the recording
length.

Neonatal Morbidities
The medical records of mother and infant were reviewed. Neonatal
morbidities were prospectively defined, assigned by one author (R.S.)
and included RDS, transient tachypnea, pneumonia, temperature
instability, sepsis evaluations, hyperbilirubinemia, feeding intoler-
ance, hypoglycemia, necrotizing enterocolitis, immature suck-swallow
coordination, desaturation episodes, and apnea (definitions listed
with Table 3). Duration of morbidities was determined when specific
therapy was discontinued (e.g., exogenous heat for temperature insta-
bility, phototherapy for hyperbilirubinemia, antibiotics for sepsis or
necrotizing enterocolitis) or when symptoms resolved (RDS, transient
tachypnea, pneumonia, apnea or desaturation events <80% with or
without feeds). The duration of feeding intolerance was the time to tol-
erate feeds without emesis, gastric residuals or abdominal distension.
The duration of immature suck swallow coordination was inferred
from the time until all feeds (breast or bottle) were taken without intra-
venous supplementation or gavage tube in <30 minutes per feed for all
feeds within a calendar day. Morbidities were grouped prospectively
as a CNS origin (immature suck swallow coordination, desaturation
episodes, and apnea) or as non-CNS (all other morbidities).
Gestational dating was determined by ultrasound within the first
12wk of pregnancy. Data was collected for maternal and obstetric
variables, infant demographics and delivery room events. Length
of hospitalization in days was calculated by dividing the amount of
hours after admission to the NICU from the electronic chart by 24.
Discharge criteria included resolution of all morbidities, maintenance
of body temperature in a bassinet for at least 24 h, breathing room air,
and ability to consume each feed by breast or bottle within thirty min-
utes over a 24-h interval. Infants were maintained on cardio-respi-
ratory monitors and pulse oximeters to the time of discharge. The
discharge date was determined by the attending physician responsible
for the clinical service.

Sample Size and Data Analysis

Data regarding specific aEEG variables among infants at 34 wk is lim-
ited and therefore sample size was based on differences in length of
hospitalization. Over 3 months preceding this study, infants born at
34wk had a median hospitalization of 11 d (range 2-34 d) with the
25th and 75th% (short and prolonged hospitalization) of 7 and 13 d,
respectively. Using a two-sided ¢-test, an alpha at 0.05 and power of
80%, 80 infants are required to detect a mean difference of 6 d and
was used as our effect size given the absence of aEEG data at 34-wk
gestational age.

Demographic and clinical variables were compared by t-test or
analysis of variance for continuous variables and the ¥ test for cat-
egorical variables. Interobserver cycle classification was compared by
kappa scores. The relationship between aEEG variables and length of
hospitalization was estimated by linear and polynomial regression
analysis. The length of hospitalization was rank ordered, divided into
quartiles and the first and fourth quartiles were deemed a short or
prolong hospitalization, respectively. The association between cycles
and length of hospitalization was subjected to receiver operator curve
analysis to determine predictive indices of a prolonged hospitaliza-
tion. Kaplan-Meier curves of morbidity that persisted closest to time
of discharge (any CNS or non-CNS) were compared with the log rank
test. Data are represented as mean + SD or median with interquartile
ranges.
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