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Analysis of Neonatal Neurobehavior and Developmental Outcomes

Among Preterm Infants

Elisabeth C. McGowan, MD; Julie A. Hofheimer, PhD; T. Michael O'Shea, MD; Howard Kilbride, MD; Brian S. Carter, MD; Jennifer Check, MD;
Jennifer Helderman, MD, MPH; Charles R. Neal, MD, PhD; Steve Pastyrnak, PhD; Lynne M. Smith, MD; Marie Camerota, PhD; Lynne M. Dansereau, MSPH;

Sheri A. Della Grotta, MPH; Barry M. Lester, PhD

Abstract

IMPORTANCE The ability to identify poor outcomes and treatable risk factors among very preterm
infants remains challenging; improving early risk detection and intervention targets to potentially
address developmental and behavioral delays is needed.

OBJECTIVE To determine associations between neonatal neurobehavior using the Neonatal
Intensive Care Unit (NICU) Network Neurobehavioral Scale (NNNS), neonatal medical risk, and 2-year
outcomes.

DESIGN, SETTING, AND PARTICIPANTS This multicenter cohort enrolled infants born at less than
30 weeks' gestation at 9 US university-affiliated NICUs. Enrollment was conducted from April 2014
to June 2016 with 2-year adjusted age follow-up assessment. Data were analyzed from December
2019 to January 2022.

EXPOSURES Adverse medical and psychosocial conditions; neurobehavior.

MAIN OUTCOMES AND MEASURES Bayley Scales of Infant and Toddler Development, third edition
(Bayley-Il), cognitive, language, and motor scores of less than 85 and Child Behavior Checklist
(CBCL) T scores greater than 63. NNNS examinations were completed the week of NICU discharge,
and 6 profiles of neurobehavior were identified by latent profile analysis. Generalized estimating
equations tested associations among NNNS profiles, neonatal medical risk, and 2-year outcomes
while adjusting for site, maternal socioeconomic and demographic factors, maternal
psychopathology, and infant sex.

RESULTS A total of 679 enrolled infants had medical and NNNS data; 2-year follow-up data were
available for 479 mothers and 556 infants (mean [SD] postmenstrual age at birth, 27.0 [1.9] weeks;
255 [45.9%] female). Overall, 268 mothers (55.9%) were of minority race and ethnicity, and 127
(26.6%) lived in single-parent households. The most common neonatal medical morbidity was BPD
(287 [51.7%]). Two NNNS behavior profiles, including 157 infants, were considered high behavioral
risk. Infants with at least 2 medical morbidities (n = 123) were considered high medical risk. Infants
with high behavioral and high medical risk were 4 times more likely to have Bayley-IIl motor scores
less than 85 compared with those with low behavioral and low medical risk (adjusted relative risk
[aRR], 4.1; 95% Cl, 2.9-5.1). Infants with high behavioral and high medical risk also had increased risk
for cognitive scores less than 85 (aRR, 2.7; 95% Cl, 1.8-3.4). Only infants with high behavioral and
low medical risk were in the clinical range for CBCL internalizing and total problem scores
(internalizing: aRR, 2.3; 95% Cl, 1.1-4.5; total: aRR, 2.5; 95% Cl, 1.2-4.4).

(continued)

ﬁ Open Access. This is an open access article distributed under the terms of the CC-BY License.
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Abstract (continued)

CONCLUSIONS AND RELEVANCE In this study, high-risk neonatal neurobehavioral patterns at
NICU discharge were associated with adverse cognitive, motor, and behavioral outcomes at 2 years.
Used in conjunction with medical risk, neonatal neurobehavioral assessments could enhance
identification of infants at highest risk for delay and offer opportunities to provide early, targeted
therapies.

JAMA Network Open. 2022;5(7):e2222249. doi:10.1001/jamanetworkopen.2022.22249

Introduction

Very preterm infants are vulnerable to a variety of medical complications while in the neonatal
intensive care unit (NICU) that may compromise neurodevelopmental progression. While rates of
morbidities may vary," they are associated with a spectrum of developmental outcomes, including
cognitive, language, and motor.*® Behavior problems, reported in 13% to 46% of very preterm and
low birth weight infants,” are also of clinical concern, as early dysregulated behavior may affect
long-term academic, home, and social functioning.2 However, challenges remain in refining our
ability to identify poor developmental outcomes, in particular early behavioral problems.

Difficulties with regulation of attention, movement, arousal, and stress in high-risk groups may
present as early as the neonatal period and can be captured via neurodevelopmental assessment,
including neurobehavioral profiles on the NICU Network Neurobehavioral Scale (NNNS).® The NNNS
is a comprehensive bedside evaluation that incorporates a neurologic examination, behavioral
measures, and signs of stress and has demonstrated long-term predictive value among high-risk
preterm infants.’®"2 NNNS profiles have been previously reported for the Neurobehavioral
Outcomes of Very Preterm Infants (NOVI) cohort, and at-risk profiles have been associated with
maternal prenatal demographic risk, infant risks of small birth head circumference and sepsis as well
as differences in neonatal epigenetic patterns.'>'®

If neonatal neurobehavioral assessments are early markers of neurologic integrity and function,
then identifying high-risk patterns of neurobehavior may allow clinicians to better distinguish, prior
to hospital discharge, those at greatest risk for later impairment. The overarching goal and primary
NOVI study outcome was to determine associations between neonatal neurobehavior, medical risk,
and neurodevelopmental and behavioral outcomes at 2 years. Our hypothesis was that
neurobehavioral patterns will identify infants with neurodevelopmental and behavioral impairment
on the Bayley Scales of Infant and Toddler Development, third edition (Bayley-Ill), and the Child
Behavior Checklist (CBCL) beyond those identified by medical risk alone, thus supporting the novel
role of neonatal neurobehavior in the prediction of outcome.

Methods

Infants were enrolled in the multicenter NOVI study from April 2014 through June 2016 at 9 US
university affiliated NICUs. Inclusion criteria were: (1) birth at less than 30 weeks' gestation, (2)
parental ability to read and speak English or Spanish, and (3) residence within 3 hours of the NICU
and follow-up clinic. Exclusion criteria included maternal cognitive impairment (inability to provide
informed consent), maternal age younger than 18 years, maternal or infant death, and infants with
major congenital anomalies. Enrollment and consent procedures were approved by local institutional
review boards. All mothers provided written informed consent. This study followed the
Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) guidelines for
observational studies.

Infant neurobehavior was assessed using the NNNS, a standardized examination with

established validity and reliability that has been used in a variety of high-risk infant populations.®'71°
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It includes measures of tone, reflexes, social and behavioral functioning, and stress signs. During the
week of NICU discharge, this 15- to 20-minute examination was administered by certified NNNS
examiners blinded to clinical course. Scores on individual items were converted to summary scores
reflecting attention, handling, self-regulation, arousal, excitability, lethargy, hypertonia, hypotonia,
nonoptimal reflexes, asymmetric reflexes, quality of movement, and stress abstinence."”

Procedures and criteria for recording maternal and infant variables have been previously
described, including cranial ultrasonographic readings, interpreted by centralized study
neuroradiologists.” Infant medical risk, selected a priori, included 4 morbidities: brain injury (defined
as periventricular leukomalacia, moderate to severe ventriculomegaly, or parenchymal echodensity),
bronchopulmonary dysplasia (BPD), severe retinopathy of prematurity, and necrotizing enterocolitis
and/or culture-positive sepsis.2°

The main outcome measures were completed at 2 years' adjusted age. Assessments included
the Bayley-lll, which was administered by licensed site practitioners, blinded to NICU and NNNS
outcomes and trained by certified Bayley-ll trainers to reliability using standardized Bayley-ll|
protocols.?' Cognitive, language, and motor composite scores were derived (mean [SD] scores of 100
[15]), and scores less than 85 represent delays.?'?® Parents completed the CBCL, a self-report
questionnaire consisting of 100 statements about the child's behavior and responses recorded on a
scale of O (not true), 1 (somewhat or sometimes true), or 2 (very true or often true). The CBCL
internalizing problems score (composed of 4 syndrome scales: emotionally reactive, anxious and/or
depressed, somatic complaints, and withdrawn behavior), externalizing problems score (composed
of 2 syndrome scales: attention problems and aggressive behavior), and a total problems score were
derived from summary scores of respective syndrome scales. Internalizing, externalizing, and total
problems T scores greater than 63 were classified as clinically significant.?*

Statistical Analysis

NNNS Neurobehavioral Profiles

Latent profile analysis (LPA), using Mplus version 8.1 (Muthén and Muthén), of the NNNS summary
scores was used to group infants into mutually exclusive categories that represent heterogeneous
subgroups and have been previously reported.™™ LPA models were fit with different numbers of
profiles, and the model containing the optimal number of profiles was identified using model fit
criteria. These include bayesian information criteria, the bootstrapped likelihood ratio test, and the
number of cases in each profile. In the NOVI cohort, a 6-profile solution was identified (Table 1;
eFigure in the Supplement). Infants in profiles 5 and 6 had scores that reflected the poorest
functioning in multiple domains. Infants in profile 5 had low attention, low arousal with more lethargy
and hypotonia, and the most nonoptimal reflexes compared with infants in the other profiles. Infants
in profile 6 also had low attention, poor movement quality, and poor self-regulation, with elevated
arousal, excitability, and hypertonia and more stress abstinence signs.

Medical Risk and Behavioral Risk

Medical and behavioral risk were dichotomized for statistical analyses. Infants were grouped by high
medical risk (defined as =2 medical morbidities) vs low medical risk (=1 medical morbidity) as well
as high behavioral risk (defined as NNNS profiles 5-6) vs low behavioral risk (NNNS profiles 1-4).
Medical risk of at least 2 morbidities in this sample of infants born less than 30 weeks' postmenstrual
age (PMA) is based on prior work?® and clinical recognition that the presence of at least 1 morbidity
in this high risk group is likely. Profiles 5 and 6 were chosen as they reflected the poorest behavioral
functioning.

Maternal and infant characteristics were summarized by medical risk and NNNS
neurobehavioral profiles using frequencies for categorical characteristics and means for continuous
characteristics. Three indicator variables were developed to determine the association of medical
and behavioral risk with each developmental outcome: (1) low behavioral risk and high medical risk,
(2) high behavioral risk and low medical risk, and (3) high behavior risk and high medical risk. The
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referent group was infants with low behavioral and low medical risk. Associations of behavioral and
medical risk with 2-year outcomes were assessed using generalized estimating equations that
accounted for a binomial outcome distribution and nesting of multiple births within families.
Generalized estimating equations using a log link function to obtain beta weights that can be
converted to relative risks (RRs) directly produced model convergence issues. We converted odds
ratios from the generalized estimating equation models to RR by adjusting for disease prevalence.?®
Covariates, selected a priori, included study site, maternal socioeconomic status (SES; defined
as Hollingshead level V?7), maternal race (minority racial or ethnic group [American Indian, Asian,
Black, Hispanic, Native Hawaiian, Pacific Islander, or “other"] or White, specified by mother) primary
language, partner status, infant gestational age at birth, and infant sex. Maternal psychologic risk
was assessed using the Brief Symptom Inventory (BSI),?® which captures psychological distress. The
BSI Global Severity Index (GSI) measures distress intensity and was averaged to cover the entire
study period (discharge and 2 years). The GSl is the most sensitive indicator of the respondent’s
stress level and indicates distress intensity. There are a total of 53 items on the BSI. The sums for the
9 symptom dimensions and additional items are added together and divided by the total number of
responses (53 when there are no missing items). In a normative sample of adults the mean (SD) GSI
was 0.30 (0.31). Higher scores indicate more distress intensity. Data were analyzed using SPSS
version 24.0 (IBM Corp). Statistical significance was set at P < .05, and all tests were 2-tailed.

Results

This study enrolled 704 infants, of whom 679 had medical data and NNNS assessments by NICU
discharge (Figure). Follow-up data at age 2 years were available for 479 of 601 mothers (79.7%) and
556 of 679 infants (81.9%) (Table 2). The mean (SD) PMA was 27.0 (1.9) weeks, and 255 infants
(45.9%) were female. Overall, 268 mothers (55.9%) were of minority race and ethnicity, and 127
(26.6%) were single-parent households. The most common neonatal medical morbidity was BPD
(287 [51.2%]). There were no differences by maternal or infant characteristics for the 148 infants lost
to follow-up. Of the 556 infants available for this study, 544 had both NNNS and medical data. There
were 157 infants (28.9%) classified as high behavioral risk and 123 (22.6%) as high medical risk, with
44 (8.1%) classified as both high behavioral and high medical risk. Among infants with complete

Table 1. NNNS Profiles z Scores®

Profile1 (n =79 Profile 2 (n = 209 Profile3 (n =78 Profile 4 (n = 108 Profile 5 (n = 158 Profile 6 (n = 47

NNNS summary score [11.6%]) [30.7%]) [11.5%]) [15.9%]) [23.3%])° [6.9%])°
Attention 1.33 -0.17 -0.26 0.49 -0.49 -0.48

Handling -0.17 -0.51 0.79 0.54 -0.22 0.72

Regulation 1.32 0.23 -0.79 0.58 -0.50 -1.55

Arousal -0.88 -0.30 1.34 0.27 -0.40 1.29
Excitability -0.53 -0.64 1.13 0.01 -0.14 2.32

Lethargy -0.32 0.14 -0.47 -0.64 0.74 -0.35
Hypertonicity -0.08 -0.14 0.43 -0.16 -0.14 0.85
Hypotonicity -0.34 -0.16 -0.14 -0.32 0.67 -0.02
Nonoptimal reflexes -0.55 -0.24 -0.26 -0.63 1.05 0.35
Asymmetric reflexes 0.57 -0.43 -0.53 0.82 -0.04 0.07

Quality of movement 0.75 0.43 0.38 -0.08 -0.57 -1.69

Stress abstinence -0.30 -0.66 0.16 0.51 0.25 1.16

Abbreviation: NNNS, Neonatal Intensive Care Unit Network Neurobehavioral Scale. showed modulated attention, tone, and self-regulation. Infants with profile 5 (a high

behavioral risk profile) showed poorly sustained attention, low arousal with the most
lethargy and hypotonia, and increased numbers of nonoptimal reflexes. Infants with
profile 6 (a high behavioral risk profile) showed poorly sustained attention, self-
regulation, and quality of movement in addition to extremely high levels of arousal,
excitability, hypertonicity, and stress signs.

2 Infants with profile 1 had scores that reflect sustained, focused attention and well-
modulated arousal tone, movement quality, and self-regulation; they required average
handling assistance to sustain alertness. Infants with profile 2 had the fewest stress
indicators and predominantly average performance on remaining scores. Infants with
profile 3 required more handling assistance and had less self-regulation, with higher
arousal and excitability. Infants with profile 4 needed increased handling assistance but  ® High behavioral risk profiles.
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medical data and NNNS assessments, 519 infants had a complete Bayley-Il, and 544 had a complete
CBCL. Behavioral and medical risk groups differed by maternal primary language, SES, PMA at birth,
BPD, brain injury, and necrotizing enterocolitis and/or sepsis (Table 3). Behavioral and medical risk
groups also differed by Bayley-1ll and CBCL scores (eTable in the Supplement). The proportion of
infants in the high behavioral and high medical risk group with Bayley-Il cognitive, language, and
motor scores less than 85 were 52.6% (20 infants), 55.3% (21 infants), and 52.6% (20 infants),
respectively. Six infants (13.6%) in the high behavioral and high medical risk group had CBCL
internalizing and total problem T scores greater than 63.

In unadjusted and adjusted models (Table 4), all 3 behavioral and medical risk groups were
associated with motor scores less than 85; for infants with low behavioral and high medical risk, the
RR was 2.8 (95% Cl, 1.8-3.9), while those with high behavioral and low medical risk had an RR of 1.8
(95% Cl, 11-2.7). Notably, for infants with high behavioral and high medical risk, the risk for motor
delay was 4 times greater than that for the low behavioral and low medical risk group (adjusted RR
[aRR], 4.1; 95% Cl, 2.9-5.1). Additionally, among infants with high behavioral and high medical risk,
cognitive delay was more likely (aRR, 2.7; 95% Cl, 1.8-3.4). No associations in the adjusted model
were identified between behavioral or medical risk and Bayley-IIl language scores. Infants in the high
behavioral risk and low medical risk group were the only ones with increased risk of clinical range
CBCL internalizing and total problems (internalizing: aRR, 2.3; 95% Cl, 1.1-4.5; total: aRR, 2.5; 95%
Cl,1.2-4.4).

Discussion

Among infants born before 30 weeks' gestation, high-risk neurobehavioral patterns prior to NICU
discharge were associated with 2-year cognitive and motor delays as well as elevated behavioral
problems. Dichotomization of behavioral and medical risk into low vs high was designed to evaluate
outcomes among various clinical groups, with the goal of investigating whether certain profiles,
specifically those that reflect poorly functioning neurobehavior, improved identification of infants at
risk of 2-year delays. For this NOVI cohort, infants with high behavioral risk (NNNS profiles 5-6) but
low medical risk were nearly 2 times more likely to have motor scores less than 85 on the Bayley-IlI

Figure. Study Flowchart

1459 Screened for eligibility

607 Excluded
397 Ineligible
210 Could not reach parent
for consent

704 Enrolled

19 Excluded
9 Death in NICU
6 Consent withdrawn
4 Late exclusion

679 NNNS performed

123 Did not undergo follow-up
91 Lost to follow-up

16 Consent withdrawn
12 Death after discharge
4 Unknown
Bayley-IIl indicates Bayley Scales of Infant and Toddler
556 Underwent follow-upat2y Development, third edition; NICU, neonatal intensive
544 Child Behavior Checklist care unit; NNNS, NICU Network
S EERIEALL Neurobehavioral Scale.
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and more than 2 times more likely to have internalizing and total problem T scores greater than 63 on
the CBCL compared with infants with low behavioral and low medical risk. When examined in
conjunction with increased medical risk, infants with high behavioral risk were nearly 3 times more
likely to have low cognitive scores and 4 times more likely to have low motor scores. These results
support the hypothesis that NNNS profiles enhanced the early identification of infants at risk for
neurodevelopmental delay and behavior problems.

Our findings are in concert with studies that found neonatal neurobehavior associated with
neurodevelopmental outcomes. In a small cohort of preterm infants, authors reported specific
individual NNNS summary scores, including regulation difficulties, suboptimal reflexes, and tone
abnormalities, were associated with low 18-month Bayley-Ill cognitive and motor scores.'? Clustering
behavioral performance patterns into profiles provides an alternative clinical, yet comprehensive,
picture of overall neurologic integrity and behavior allowing for a more holistic view. In the Maternal
Lifestyle Study (MLS), Liu et al'® identified infants with 2 high-risk profiles, one displaying an
underaroused, hypotonic pattern of behavior and the other a highly aroused, hypertonic behavioral
pattern; both were associated with low gestational age and low 2-year cognitive and/or motor scores.
The hyperaroused profile was also associated with elevated 3-year CBCL T scores and low 4-year 1Q
scores. Since profile analysis is cohort specific, it is remarkable that the 2 high-risk MLS profiles show

Table 2. Maternal and Neonatal Characteristics of Dyads Included at the 2-Year Follow-up vs Children Lost

to Follow-up?
No. (%)

Characteristic Included Lost to follow-up
Maternal
No. 479 122
Minority race or ethnicity® 268 (55.9) 79 (64.8)
Low SES (Hollingshead level V)¢ 47 (9.8) 12 (9.9)
Single-parent household 127 (26.6) 25 (20.5)
Brief Symptom Inventory, average total from discharge 0.28 (0.30) 0.19(0.18)
and 2 y, mean (SD)
Multiple gestation 80 (16.7) 17 (14)
Infant
No. 556 148
PMA at birth, mean (SD), wk 27.0(1.9) 27.1(1.9)
Sex

Female 255 (45.9) 54 (38.0)

Male 301 (54.1) 94 (62.0)
Average medical risk, mean (SD)¢ 0.88(0.87) 0.61 (0.96)
BPD® 287 (51.7) 70 (49.3)
Brain injury (PED, PVL, VDIL)" 68 (12.3) 24(17.1)
NEC/sepsis? 103 (18.6) 25(17.6)
Severe retinopathy of prematurity” 31 (5.6) 10(7.0)

Abbreviations: BPD, bronchopulmonary dysplasia; NEC, necrotizing enterocolitis; PED, parenchymal echodensity; PMA,
postmenstrual age; PVL, periventricular leukomalacia; SES, socioeconomic status; VDIL, ventricular dilation.

@ Maternal and infant characteristics did not differ statistically by included vs lost to follow-up groups.

b Minority racial or ethnic group included American Indian, Asian, Black, Hispanic, Native Hawaiian, Pacific Islander, or
“other," as specified by the mother.

¢ Socioeconomic status was calculated using the 4-factor Hollingshead Index (based on marital status, employment,
education attainment, and occupation), which has been adapted to single-parent and nonnuclear families, with
Hollingshead level V indicating low SES.

9 Count of medical risks, including BPD, brain injury, NEC/sepsis, and severe retinopathy of prematurity.
€ BPD defined as oxygen requirement at 36 weeks' PMA.

f Brain injury measured by most severe finding on any cranial ultrasonograph.

& NEC/sepsis defined as Bells classification of stage 2 or greater.

h Severe retinopathy of prematurity defined as stage 4 or 5 or requiring surgery.
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nearly identical patterns to NOVI profiles 5 (low arousal with lethargy and hypotonia) and 6 (high
arousal, high excitability, and hypertonia), thus supporting current NOVI 2-year findings and
suggesting that neonatal neurobehavioral patterns displaying poor functioning can be useful in
identifying childhood delays.

As expected for this very preterm cohort, rates of brain injury, necrotizing enterocolitis and/or
sepsis, and BPD differed significantly between groups. BPD was the most common morbidity,
ranging from 36% to 40% in low medical risk groups to 89% to 98% in high medical risk groups.
BPD, sepsis, and brain injury have all been found to increase risk for early childhood motor and
cognitive impairment, however with variable predictive value.?>2%3° Among infants with high

Table 3. Maternal and Neonatal Characteristics at Birth by Medical Risk and Behavioral Risk®®

Participants, No. (%)

Low behavioral risk with Low behavioral risk with High behavioral risk with High behavioral risk with
Characteristic low medical risk high medical risk low medical risk high medical risk P value
Maternal characteristics
No. 263 70 97 39
Minority race or ethnicity® 143 (54.4) 37 (52.9) 53 (54.6) 27 (69.2) .34
Non-English primary language 42 (16.0) 12 (17.1) 25(26.0) 12 (30.8) .04
Low SES (Hollingshead category V) 18 (6.8) 4(5.8) 15 (15.5) 8(20.5) .006
No partner 68 (25.9) 19 (27.5) 23(23.7) 13 (33.3) .70
Brief Symptom Inventory, average total 0.27 (0.28) 0.30(0.31) 0.28 (0.32) 0.34(0.42) .57
from discharge and 2 y, mean (SD)
Infant characteristics
No. 308 79 113 44
PMA at birth, mean (SD), wk 27.4(1.8) 25.7 (1.8) 27.4(1.8) 25.2(1.8) <.001
Female sex 149 (48.4) 31(39.2) 48 (42.5) 19(43.2) 43
BPD 123(39.9) 77 (97.5) 41 (36.3) 39 (88.6) <.001
Brain injury (PED, PVL, VDIL) 9(2.9) 31(39.2) 6(5.3) 20 (45.5) <.001
NEC/sepsis 15 (4.9) 46 (58.2) 8(7.1) 28 (63.6) <.001
Severe retinopathy of prematurity 0 21 (26.6) 2(1.8) 8(18.2) NA
Abbreviations: BPD, bronchopulmonary dysplasia; NA, not applicable; NEC, necrotizing ® Behavioral risk grouped by Neonatal Intensive Care Unit Network Neurobehavioral
enterocolitis; PED, parenchymal echodensity; PMA, postmenstrual age; PVL, Scale profiles: low behavioral risk defined as profiles 1to 4; high behavioral risk defined
periventricular leukomalacia; SES, socioeconomic status; VDIL, ventricular dilation. as profile 5 or 6.
@ Medical risks include the following neonatal morbidities: chronic lung disease, brain € Minority racial or ethnic group included American Indian, Asian, Black, Hispanic, Native
injury (PED, PVL, VDIL), NEC/sepsis, and severe retinopathy of prematurity. Low Hawaiian, Pacific Islander, or “other," as specified by the mother.
medical risk defined as no more than 1 morbidity; high medical risk defined as at least 2
morbidities.

Table 4. Two-Year Neurodevelopmental and Behavioral Outcomes Multivariable Models

Low behavioral risk with High behavioral risk with High behavioral risk with

high medical risk low medical risk high medical risk
Outcome No. RR (95% CI) aRR (95% CI)® RR (95% Cl) aRR (95% CI)? RR (95% CI) aRR (95% Cl)?
Bayley-lll
No. 220 76 76 106 106 38 38
Cognitive composite <85 131 1.4(0.9-2.2) 1.2(0.7-1.8) 1.1(0.7-1.8) 1.2(0.8-1.8) 2.6(1.8-3.8) 2.7(1.8-3.4)
Language composite <85 204 1.4(1.1-1.9) 1.3(0.9-1.7) 1.1(0.8-1.5) 1.0(0.7-1.4) 1.6(1.2-2.3) 1.3(0.8-1.9)
Motor composite <85 102 3.4(2.2-5.4) 2.8(1.8-3.9) 1.8(1.1-3.1) 1.8(1.1-2.7) 5.1(3.2.8.0) 4.1(2.9-5.1)
Child Behavior Checklist
No. 236 79 79 113 113 44 44
Internalizing T score >63 43 1.0(0.4-2.7) 0.9 (0.3-2.4) 1.9(0.9-3.7) 2.3(1.1-4.5) 2.2(0.9-5.2) 2.2(0.6-6.4)
Externalizing T score >63 54 1.0(0.4-2.2) 0.8 (0.3-1.8) 1.4 (0.7-2.5) 1.4 (0.7-2.7) 1.0(0.4-2.7) 0.8(0.2-2.7)
Total problem score >63 53 1.4 (0.6-2.9) 1.3(0.5-2.9) 1.9(1.1-3.4) 2.5(1.2-4.4) 1.8(0.8-4.2) 2.3(0.7-5.4)

Abbreviations: aRR, adjusted relative risk; Bayley-Ill, Bayley Scales of Infant and Toddler Development, third edition; RR, relative risk.

@ Adjusted for low socioeconomic status, minority race or ethnicity, maternal primary language, no partner, Brief Symptom Inventory average, postmenstrual age at birth, infant sex,
and study site.
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medical risk, the addition of neurobehavioral profiles to regression models substantially increased
the risk of motor scores less than 85. Additionally, significant associations of high behavioral and high
medical risk with cognitive deficits were identified. Findings suggest there is a unique role for
neurobehavioral assessments in the prediction of developmental outcome, as they enhance
prediction of 2-year outcomes beyond identification from medical risk alone.

Risk detection efforts to identify behavioral problems among children born preterm have
examined associations between NNNS neurobehavioral regulation difficulties and 2-year behavior
concerns. In the 25-NICU Neonatal Adequate Care for Quality of Life Study (NEO-ACQUA), also in
preterm infants, dysregulated NNNS neurobehavior reflected in excitability, stress abstinence,
regulation, and handling scores predicted 18-month CBCL internalizing symptoms.3' NOVI findings
are strikingly similar to those in NEO-ACQUA; the high behavioral risk infants had challenges with
attention, regulation, and stress abstinence, and the high behavioral and low medical risk infants
were 2.0 to 2.5 times more likely to have elevated CBCL internalizing and total problem scores.
Interestingly, high medical risk alone was not associated with elevated CBCL scores in NOVI. This may
be partly because of the low number of infants with cranial ultrasonography-identified brain injury
(n = 20) and the possibility of subtle white matter injury playing a role in neurobehavior.

Early findings of neonatal dysregulation are supported by evidence linking alterations in brain
structure, function, and connectivity with behavior. Injury to white matter cortical volumes and
regional brain circuits have all been associated with atypical regulation, social-emotional processing,
and neuromotor movements.323> Sequelae of intraventricular hemorrhage, such as
ventriculomegaly and hemorrhagic infarctions, have been correlated with worse NNNS performance,
including nonoptimal reflexes, tone abnormalities, and excitability.>® In addition, others have
reported associations between brain injury, necrotizing enterocolitis, lung disease, and altered
newborn behavior.3”38 While it is likely that there is not one pathway that disrupts neurologic and
behavioral function, there is biologic plausibility to the neurobehavioral findings from the NOVI
cohort that reinforce the need for continued research in the area of brain-behavior relationships.

It was not surprising that significant socioeconomic differences measured by the Hollingshead
index were seen between NOVI low behavioral and high behavioral risk groups (6%-7% vs 16%-21%,
respectively). The negative associations of low maternal age, education level, and 1Q and poor
maternal mental health with childhood behavior are well documented, yet it is suggested that these
outcomes are more evident during later childhood through to adulthood.3°4> However, our results
suggest that socioeconomic risk may exert clinically detectable influence early in the neonatal period,
with support that epigenetic stress related mechanisms may play a role.™

Importantly, our NOVI findings go beyond the ability of enhancing early identification of the
highest at-risk infants. A key critical component of NNNS neurobehavioral assessments is the ability
to pinpoint areas of infant strengths and weaknesses, allowing clinicians to begin focusing on
treatable types of behavioral difficulties prior to discharge home. The present study identified 2
unique patterns of neonatal attention, tone, movement, arousal, and stress regulation that provide
an opportunity for innovative yet specifically targeted therapies. For example, caregiver-infant
dyadic interventions that include social interactions, gross motor support, feeding, and routine care,
would be quite different for infants with behavioral domains characterized by profile 5 vs profile 6.
However, identification and initiation of such dyad-specific targeted therapies allow pediatricians
and community supports (ie, Early Intervention) a potential jump start on monitoring, supporting,
and providing interventions. While most studies investigating behavior problems among those born
preterm take place at school age or beyond,*5#” research and therapeutic focus can now shift to a
much earlier time period.

Broader application of NNNS assessments may be also considered. While various neurologic
and behavioral tools have been used among assorted high-risk cohorts,*84° the NNNS profiles
specifically have evaluated performance among term infants with a variety of medical risks,>°'
well as substance and toxin exposures.'®->25¢ While profiles are cohort-dependent and require
statistical analysis, examining patterns of readily available summary scores can allow clinicians rapid,

as
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bedside approximations of at-risk behavior, thus facilitating the neurobehavioral jump start for a
variety of clinical scenarios.

Strengths and Limitations

A unique strength of the multicenter NOVI study is the use of standardized, detailed neurobehavioral
assessments to demonstrate empirical risk and help redefine how the most vulnerable infants may
be identified, while at the same time informing more precise and targeted discharge planning.
Innovative derivation of behavioral profiles allows for an overall clinical picture that may be used by
clinicians, families, and researchers. Grouping infants into behavioral and medical risk categories
allows for assessment of risk for early childhood delay beyond traditional medical risk. Furthermore,
inclusion of out-born infants, as well as representation of a diverse racial and ethnic population, adds
to the generalizability of finding for this heterogeneous NOVI population.

This study also has limitations, including a relatively small subgroup of high behavioral and high
medical risk infants; however, despite this sample size, significant differences were observed among
multiple Bayley-lll and CBCL outcomes. Additionally, the follow-up rate for this study was 82%;
however, the early characteristics of those without 2-year assessments were similar to those
assessed. While dichotomization of risk factors and outcomes prevented a more granular, nuanced
understanding of study results and implications of the NNNS assessment, it allowed for identification
of clinical significance. Recognizing that 2-year outcomes may have limited school-age prediction,
this cohort will continue to be followed up, allowing for exploration of longer-term outcomes and
trajectories.

Conclusions

In conclusion, among infants born less than 30 weeks' gestation and with varying degrees of medical
risk, neonatal neurobehavioral assessments at NICU discharge increased the detection of adverse
cognitive and motor outcomes at 2 years of age. In addition, neurobehavioral patterns of poor
regulation and functioning alone were associated with 2-year behavior problems. Thus, neonatal
neurobehavioral assessments enhance the ability to identify infants at the highest risk for delays and
deficits, beyond risk from severe neonatal medical conditions alone, and offer a unique, early
opportunity to begin targeted therapies.
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