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Abstract

Background: Term equivalent age (TEA) brain MRI identifies preterm infants at risk for adverse
neurodevelopmental outcomes. But some infants may experience neurodevelopmental
impairments even in the absence of neuroimaging abnormalities.

Objective: Evaluate the association of TEA amplitude-integrated EEG (aEEG) measures with
neurodevelopmental outcomes at 24—-36 months corrected age.

Methods: We performed aEEG recordings and brain MRI at TEA (mean post-menstrual age of
39 (£ 2) weeks in a cohort of 60 preterm infants born at a mean gestational age of 26 (+ 2) weeks.
Forty-four infants underwent Bayley Scales of Infant Development, 3rd Edition (BSID-I1I) testing
at 24-36 months corrected age. Developmental delay was defined by a score greater than one
standard deviation below the mean (< 85) in any domain. An ROC curve was constructed and a
value of SEFgg < 9.2, yielded the highest sensitivity and specificity for moderate/severe brain
injury on MRI. The association between aEEG measures and neurodevelopmental outcomes was
assessed using odds ratio, then adjusted for confounding variables using logistic regression.

Results: Infants with developmental delay in any domain had significantly lower values of
SEFgg. Absent cyclicity was more prevalent in infants with cognitive and motor delay. Both left
and right SEFgq < 9.2 were associated with motor delay (OR left: 4.7(1.2-18.3), p = 0.02, OR
right: 7.9 (1.8-34.5), p < 0.01). Left SEFgg and right SEFgq were associated with cognitive delay
and language delay respectively. Absent cyclicity was associated with motor and cognitive delay
(OR for motor delay: 5.8 (1.3-25.1), p = 0.01; OR for cognitive delay: 16.8 (3.1-91.8), p < 0.01).
These associations remained significant after correcting for social risk index score and
confounding variables.
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Conclusions: aEEG may be used at TEA as a new tool for risk stratification of infants at higher
risk of poor neurodevelopmental outcomes. Therefore, a larger study is needed to validate these
results in premature infants at low and high risk of brain injury.
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1. Background

Preterm birth remains a significant problem in the United States, with a current rate of 11%.
Multiple efforts are being directed towards decreasing the preterm birth incidence to a rate
of 9.6% by 2020 [1]. There is a trend towards increase in survival of very preterm infants at
the expense of increased long-term morbidities and disabilities [2]. Intraventricular
hemorrhage (IVH) and white matter injury (WMI) continue to be important contributors of
poor neurodevelopmental outcomes in this population. Primary care physicians and parents
seek information on prediction of psychomotor and cognitive outcomes, both at discharge or
early during follow up, for early institution of intervention services and helping this subset
of population to achieve their best potential.

Magnetic resonance imaging (MRI) has emerged as an important tool for prediction of
neurodevelopmental outcomes. White and gray matter abnormalities on MRI correlate well
with childhood diagnoses of cerebral palsy and cognitive impairment with a reasonable
specificity of 76-89% [3,4]. Despite this, a significant number of preterm infants experience
neurodevelopmental impairments even in the absence of neuroimaging abnormalities,
reflecting the importance of exploring other measures that may help with prediction of
outcomes. In addition, MRI acquisition poses some practical issues such as transport of
preterm infants out of the neonatal intensive care unit (NICU), the high cost of MRI,
required personnel to perform and read the imaging studies.

An additional tool that accurately identifies brain injury and predicts neurodevelopmental
outcomes at term equivalent age (TEA) would allow for better stratification of infants at risk
of disability or developmental delay. Electroencephalography (EEG) and amplitude-
integrated EEG (aEEG) are additional tools commonly used in the NICU to study the
functional maturation of the preterm brain. They allow for objective measurements of brain
function and may aid in accurate and reproducible assessment of the brain function.

The utility of amplitude-integrated EEG has been studied extensively in preterm infants.
Measures from studies performed in the first days of life, such as continuity, cyclicity, and
spectral edge frequency (SEFgq), correlate with short- and long-term neurodevelopmental
outcomes [5-7]. Early absence of cyclicity and lower SEFgq in the first week of life are
predictive of intraventricular hemorrhage and white matter damage [7,8]. Other authors
studied the predictive value of early aEEG (background pattern, cyclicity and presence of
seizures) for neurodevelopmental outcomes at 3 years of age. Some of these studies did not
take into account the various clinical confounders in the NICU, as well as the socio-
economic status after discharge, both of which may affect outcomes [9]. A recent study
showed that brain injury on MRI at TEA in premature infants is closely correlated with
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delay in brain functional maturation on term aEEG measures [10]. In addition, no prior
studies have evaluated the role of aEEG at TEA for prognostication.

Therefore, the objective of this study is to evaluate the association of maturational measures
as assessed by aEEG at TEA, with neurodevelopmental outcomes at 24—36 months corrected
age in preterm infants born at < 30 weeks of gestational age (GA). We hypothesized that
delayed maturation of aEEG measures such as cyclicity and SEFqy at TEA are associated
with developmental delay at 24-36 months corrected age.

2. Methods

2.1. Study population

2.2.

Infants in this study were selected from a cohort of babies recruited into a TEA
neuroimaging study. To meet criteria for recruitment, infants had to meet the following
criteria: 1-born at < 30 weeks GA, 2TEA MRI with moderate to severe injury, 3-TEA aEEG
on same day as MRI. Infants were excluded if they were diagnosed with congenital
infections or congenital brain malformations. The remaining 28/60 infants in the cohort were
matched by gestational age at birth and enrolled from a control group of premature infants
with none/mild injury on a TEA MRI as part of the same neuroimaging study.

Then, they were evaluated at 24-36 months corrected age using the Bayley Scales of Infant
Development, 3rd edition. The study was conducted with approval from Washington
University School of Medicine Human Research Protection Office.

Data regarding perinatal and neonatal factors were collected from each infant’s medical
record including: gestational age at birth, birth weight, small for gestational age status, and
clinical risk index for babies (CRIB-I1I) score [11]. Clinical variables included the use of
oxygen therapy at 36 weeks post menstrual age (PMA), patent ductus arteriosus requiring
treatment, postnatal steroids (hydrocortisone or dexamethasone), retinopathy of prematurity
requiring surgery, surgical necrotizing enterocolitis, inotrope use (dopamine or dobutamine),
sedative exposure (fentanyl, midazolam or morphine) at TEA (Table 1).

Five measures of the overall socio-economic status of each child’s family were collected
from the mother’s medical record, including ethnicity, marital status, maternal illicit drug
use, maternal age (early motherhood < 20 y of age), and insurance type as an indicator for
family income. These five variables were combined to form a social risk index score [12,13].

aEEG recordings

Two sets of hydrogel electrodes (Natus Newborn Care, San Carlos, CA) were applied in the
C3-P3 and C4-P4 positions for the newborn infant according to the International 10-20
system. Tracings were recorded using the BrainZ BRM3 monitor (Natus Newborn Care, San
Carlos, CA) and analyzed offline using the software AnalyZe (Natus Newborn Care, San
Carlos, CA). The median length of the aEEG recordings was 3 h (range: 1.5-5 h).
Quantitative and qualitative analysis was performed. Spectral edge frequency (SEFgq:
defined as the frequency below which 90% of the spectral power is present) was computed
using AnalyZe software.
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Visual inspection of the tracings for presence or absence of cyclicity was performed
according to Hellstrom-Westas [14]. The tracings were classified into the presence or
absence of fully developed sleep-wake cycling defined as clear sinusoidal variations between
discontinuous and more continuous background activity, with cycle duration =20 min. This
qualitative analysis was computed by two independent, trained and blinded observers (N.E.
and S.L.) and an interclass correlation coefficient was computed.

2.3. Neuroimaging

On the same day of the aEEG recording, infants underwent a non-sedated, non-contrast
brain MRI following our institutional neonatal MRI guidelines [15]. Patients were fed and
wrapped prior to placement in a MED-VAC vacuum immobilization bag (CFI Medical,
Fenton, MI) that keeps babies from moving in the scanner. T1 and T2 images were obtained
using Siemens TIM Trio 3.0 T MRI scanner (Siemens Medical Solutions, Erlangen,
Germany).

An MRI scoring tool adapted from Kidokoro et al. [16] was used, which combines
quantitative and qualitative measurements of brain abnormalities in preterm infants at term
equivalent age. The quantitative scoring included: dilated lateral ventricles dimensions
(score 0-3), biparietal diameter (corrected to the gestational age, scored 0-3),
interhemispheric distance (score 0-3), deep gray matter (GM) volume (corrected to the
gestational age, scored 0-3) and cerebellar volume (corrected to the gestational age and
scored 0-3). Qualitative scoring included: white matter (WM) cystic lesions, WM focal
signal abnormality, myelination delay, cortical GM signal abnormality, gyral maturation,
deep GM signal abnormality and cerebellar signal abnormality. The variables were scored
by an experienced reader (A.M.) blinded to the clinical information of the patients and the
corresponding aEEG measures. The abnormality scoring system was divided into four
grades: normal (0-3), mild [4-7], moderate [8-11] and severe (> 12) for the preterm brain at
TEA.

2.4. Neurodevelopmental outcomes

Infants were followed up at age of 24-36 months corrected, and underwent testing using the
Bayley Scales of Infant Development test, 3rd edition (BSID-111). BSID-III testing was
performed by trained personnel blinded to the results of aEEG recordings. Infants were
scored in three domains: language, motor and cognitive. Developmental delay was defined
as a score greater than one standard deviation below a value of 100 (< 85) in any domain of
the BSID-III.

2.5. Statistical analysis

Perinatal characteristics and electrophysiological measures were compared using
independent samples t-test for continuous variables, and chi-square tests for categorical
variables. Infants were initially divided into two groups (delay vs. no delay). SEFgg values
and absent cyclicity were compared between the two cohorts. Then, an ROC curve was
constructed to determine the value of SEFgq that yields the best sensitivity and specificity for
moderate/severe brain injury on MRI.
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The association between the aEEG measures and neurodevelopmental outcomes was
assessed using odds ratio from XZ analysis. Logistic regression was used to measure the
same association after correcting for variables affecting development in preterm infants and
social risk index score. These variables were accounted for in a multivariate regression
model and included: gestational age, sex, antenatal steroids exposure, small for gestational
age status, retinopathy of prematurity (ROP), oxygen requirement at 36 weeks GA,
intraventricular hemorrhage (1VH) and postnatal steroids.

A p-value < 0.05 was considered significant. Results are displayed as odds ratios (OR) and
95% confidence intervals (CI).

3. Results

3.1. Study population

Our cohort included 60 infants born at < 30 weeks GA, 44 of whom returned for
neurodevelopmental testing at age 24—36 months, corrected. Mean gestational age at birth
for the cohort was 26 ( + 2) weeks. aEEG recordings were performed at a mean post-
menstrual age of 39 ( £ 2) weeks. Table 1 shows the characteristics of our study population.
No significant differences in the demographic and clinical characteristics were noted in
infants with developmental delay in any domain and those without delay except for the
following variables: oxygen requirement at 36 weeks corrected GA, high grade IVH and
moderate to severe injury on TEA MRI. Inter-rater reliability for qualitative scoring of aEEG
was excellent with interclass correlation coefficient of 0.937 and p < 0.001. No significant
differences were found between infants who followed at 24-36 months and those who did
not in terms of infant’s clinical characteristics or family socio-economic background (Table
2).

Motor delay was present in 61% of the children, while language and cognitive delay were
prevalent in 52% and 54% of the children, respectively.

3.2. Neurodevelopmental outcomes at 24-36 months corrected age

Left and right SEFgq values were lower in infants with motor, language and cognitive delay.
Absent cyclicity was more prevalent in infants with motor and cognitive delay (Table 3).

3.3. Association between aEEG measures and neurodevelopmental outcomes

aEEG measures and MRI brain abnormality scores were closely correlated. Using linear
regression analysis, left and right SEFgy showed an association with brain abnormality
scores with lower values of SEFgq correlating with higher abnormality scores (F =9.89, f =
-0.38, p = 0.003 for left SEFgg and F = 11.26, B = —0.40, p = 0.001 for right SEFgg). Using
logistic regression, cyclicity also showed a strong negative relationship with brain
abnormality scores on MRI (B = -0.10, p = 0.01). Therefore, we constructed an ROC curve
to define the best value of SEFgq that yields the highest sensitivity and specificity for
moderate/severe brain injury on MRI. A SEFgy < 9.2 correlated best with moderate to severe
brain injury on MRI (AUC = 0.71, p = 0.01), as shown in Fig. 1.
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Then, we determined the odd ratios of developmental delay associated with absent cyclicity
and SEFgg < 9.2. We found that SEFgg < 9.2 in either hemisphere is associated with motor
delay, while absent cyclicity was associated with motor and cognitive delay. Table 4
describes the odd ratio of developmental delay associated with absent cyclicity and SEFg <
9.2.

3.4. Adjusted odds ratio

In a multivariate regression model, we adjusted for confounding variables that can affect
neurodevelopmental outcomes in preterm infants. These variables included gestational age,
sex, antenatal steroids exposure, small for gestational age status, oxygen use at 36 weeks
GA, ROP, IVH, post-natal steroids and the social risk index score. After adjustment, SEFgg
< 9.2 in either hemisphere maintained its association with motor and cognitive delay (OR for
motor delay = 6.25 (95% CI = 1.2-33), OR for cognitive delay = 7.6 (95% CI = 1.4-43)) but
not for language delay (OR = 4.4, 95% CI = 0.7-26). Absent cyclicity also showed the same
association with motor and cognitive delay (OR for motor delay = 6.2 (95% CI = 1.1-35),
and OR for cognitive delay = 17.8 (95% CI = 2.7-115) and this association remained
nonsignificant for language delay (OR for language delay =0.5, 95% CI = 0.1-3.5).

4. Discussion

Our study shows that low values of SEFgg and absent cyclicity at term equivalent age are
correlated with developmental delay at 24-36 months corrected age in preterm infants across
all developmental domains, and these associations remained significant for motor and
cognitive outcomes after adjusting for variables that can affect neurodevelopment in preterm
infants. A value of SEFgg < 9.2 in either hemisphere was predictive of motor delay and
cognitive delay (OR = 6.25, 95% CI (1.2-33) and OR = 7.6, 95% CI (1.4-43) respectively).
Absent cyclicity was predictive as well of motor and cognitive delay (OR = 6.2, 95% ClI
(1.1-35) and OR = 17.8, 95% CI (2.7-115) respectively).

We found that motor, language and cognitive delays were present in 61%, 52% and 54% of
infants in this cohort born at < 30 weeks GA. Our sample showed a similar proportion of
disabilities, described in the literature in a cohort of preterm infants born at < 30 weeks GA
[17,18].

No previous studies explored the predictive value of SEFqg at TEA in neurodevelopmental
outcomes. A cutoff value of 9.2 was calculated after constructing an ROC curve correlating
SEFgg values with MRI brain injury. An AUC value of 0.71 is a fair to good number, though
not perfect for the best screening and diagnostic test. A SEFgqg < 9.2 provides simultaneously
the highest sensitivity and specificity for MRI brain injury in our cohort. Therefore, we
assessed this value in prediction of neurodevelopmental outcomes.

SEFgg has been extensively studied as a marker of cerebral maturation in fetal lambs and
newborn infants [19,20]. Bell et al. [19] showed that SEFgy measures increase with
gestational age, indicative of maturation in neuronal connections. SEFgq has also been used
for identification of white matter injury in preterm infants in the first few days of life [8].
Automated spectral analysis gained interest recently due to its calculated and objective
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quality, allowing for reproducible measurements of cerebral maturation in preterm infants in
the first weeks of life [21-23]. Niemarkt et al. found an increase in the SEFgg, corresponding
to a decrease in delta power and an increase in beta power on EEG [22]. The normative
values of SEFgy on aEEG were studied in a cohort of preterm infants by Vesoulis et al. [24]
where it was found that SEFqq increases with age. The cohort included preterm infants, and
normal SEFgq values in infants > 31 weeks GA ranged between 9.0 and 11.2. Our results
showed that SEFgg < 9.2 at TEA predicts worse outcomes in preterm infants, especially for
motor performance, even after adjustment for confounding variables that can affect
neurodevelopmental outcomes in preterm infants. Our findings are in concordance with what
has been described on conventional EEG studies in preterm infants. The physiologic
maturation of EEG such as an increase in the frequency and decrease in the amplitude of
delta activity was absent in preterm infants with cognitive impairment [25]. Richards et al.
showed also that increased power in higher frequency range at term equivalent age
correlated with normal outcome at five years of age [26].

Absent cyclicity on aEEG at TEA strongly correlated with motor and cognitive delay in the
present cohort. This finding is somewhat expected due to the association of sleep-wake
cycling with the maturity and development of the brain [27]. The presence or absence of
sleepwake cycling in the first few days of life in preterm infants was shown as a predictor of
brain injury [7,28]. These studies evaluated preterm infants early in life correlating absent
cyclicity to short term outcomes such as IVH, and in some instances to long-term outcomes
assessed at one year of age, but the sample size was small (12 infants only) in the affected
infants [7]. Klebermass et al. evaluated the predictive value of aEEG within the first weeks
of life in a cohort of 143 preterm infants born at < 30 weeks GA [9]. Absence of cyclicity in
the first two weeks of life was associated with cerebral palsy with an OR of 33 (95% CI =
6.2-166), and severe impairment on Bayley developmental test at three years of age with an
OR of 25 (95% CI = 5.2-111). Our findings found the same correlation of abnormal motor
and cognitive outcome with absence of cyclicity at term equivalent age. In our study, we
corrected for the medical and social factors that can affect adversely the neurodevelopmental
outcomes in preterm infants, while this relationship was not taken into account in the
aforementioned study.

The limitations of our study include the relatively small sample size which included 60
infants, with a 73% follow up rate. There were no significant differences between the infants
who followed up at 24-36 months for developmental testing and those who did not follow
up, reducing the selection bias in our study. The selected cohort does not represent the whole
spectrum of premature infants born at < 30 weeks GA. Our cohort is on the sicker end of the
spectrum with a high prevalence of ROP and IVH. Our odds ratios had associated wide
confidence intervals, making the results less precise. We speculate that these results were
affected by the small sample size. This is why a larger sample size is needed to reproduce
and validate our results.

This study demonstrates the utility of aEEG as a modality to assess cerebral maturation at
term equivalent PMA. Delays in functional measures of aEEG are correlated with delays in
development at 24-36 months corrected age in our cohort. These results indicate that brain
injury at TEA can be detected by aEEG measures abnormalities and may be used at term
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equivalent age as a new tool for risk stratification of infants at higher risk of poor
neurodevelopmental outcomes. A larger study is needed to validate these results in
premature infants at low and high risk of brain injury.
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Fig. 1.
ROC curve corresponding to SEFgg values for moderate/severe brain injury on MRI (AUC =

0.71, p = 0.01).

Early Hum Dev. Author manuscript; available in PMC 2019 April 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

El Ters et al.

Clinical characteristics of the cohort.

Table 1

Variable

Cohort (N = 44)

Maternal characteristics
Ethnicity

Maternal age

Ilicit drug use

Marital status

Insurance

Birth weight in grams (mean + sd)
Gestational age (mean = sd)
PMA at study (mean =+ sd)

SGA status, n (%)

Antenatal steroids, n (%)
CRIB-I11 score (mean + sd)

NEC surgery, n (%)

PDA ligation, n (%)

ROP surgery, n (%)

Post-natal steroids, n (%)
Oxygen therapy at 36 wk., n (%)
Inotropes, n (%)

IVH grade 3-4, n (%)
Moderate/severe injury on MRI at TEA, n (%)
Motor delay, n (%)

Language delay, n (%)
Cognitive delay, n (%)

Caucasian: 23 (52.3%), Black: 21 (47.7%)
< 20 years: 7 (15.9%), > 20 years: 37 (84.1%)
None: 40 (91%), at least one: 4 (9%)
Married: 17 (38.6%), Single: 27 (61.4%)
Private: 20 (45.5%), Public: 24 (54.5%)
856 ( + 280)

26 (£2)

39 (+2)

6 (13.6%)

29 (66%)

11(%3)

7 (15.9%)

6 (13.6%)

13 (29.5%)

15 (34.1%)

34 (77.3%)

21 (47.7%)

19 (43.2%)

25 (56.8%)

27 (61%)

23 (52%)

24 (54%)

Page 12

PMA: Post-menstrual age, SGA: Small for gestational age, CRIB-I11 score: clinical risk index for babies score, NEC: necrotizing enterocolitis,

PDA: Patent ductus arteriosus, ROP: retinopathy of prematurity, IVH: Intraventricular hemorrhage, diagnosed by cranial ultrasound.

Early Hum Dev. Author manuscript; available in PMC 2019 April 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

El Ters et al.

Page 13

Table 2
Clinical and perinatal characteristics of the infants who followed up for BSID-I11 test and those who lost to
follow up.
Variable Follow up (N=44) Lost tofollowup (N=16) p-Value
Birth weight in grams (mean + sd) 856 (£ 280) 900 (£ 237) 0.5
Gestational age (mean + sd) 26(%2) 26 (%2) 0.8
PMA at study (mean + sd) 39(x2) 385(%2) 0.4
CRIB-II score (mean =+ sd) 11(%3) 11(+3) 0.8
NEC surgery, n (%) 7 (15.9%) 3(18.8%) 0.7
PDA ligation, n (%) 6 (13.6%) 2 (12.5%) 0.9
ROP surgery, n (%) 13 (29.5%) 3 (18.8%) 0.5
Post-natal steroids, n (%) 15 (34.1%) 2 (12.5%) 0.1
Oxygen therapy at 36 wk., n (%) 34 (77.3%) 14 (87.5%) 0.5
Inotropes, n (%) 21 (47.7%) 8 (50%) 0.2
IVH grade 3-4, n (%) 19 (43.2%) 7 (43.8%) 0.9
Moderate/severe injury on MRl at TEA, n (%) 25 (56.8%) 7 (43.8%) 0.4
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