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Abstract
This multi-center correlational prospective study examined early neonatal predictors of
neurodevelopment in 59 premature infants (mean birth weight=1713.8±1242.5 g; mean gestational
age=31.2±3.6 weeks) suspected to have sustained brain injury at birth. The mental and motor
development of the infants selected from five university-affiliated hospitals was assessed at baseline
(59 infants), 12 (55 infants), and 18 months (46 infants) using Bayley II scales. Factors correlating
with Bayley II scores at 12 and 18 months included head circumference, results of neurological and
magnetic resonance imaging (MRI) examination at baseline, environmental factors such as mother–
infant interactions and levels of parental stress, and infant medical factors such as Apgar scores at 5
min and length of hospital stay. Multiple regression analyses distinguished the most significant
predictors of mental and motor development.

The best predictors of mental and motor development at 18 months were head circumference,
neurological examinations, and MRI results. These findings suggest that in infants suspected of brain
injury at birth, neurological assessments and head circumference measurements are just as predictive
of developmental outcome at 18 months as MRI, and this is especially relevant in developing
countries or other locations where MRI is not possible. The presence of this information may offer
the potential of early tailored interventions to improve the mental and motor development of children
in developing countries or other facilities where MRI is unavailable.
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1. Introduction
Brain injury in infants, estimated at.2 to.5% of live births, occurs most frequently as a
consequence of a perinatal hypoxic–ischemic insult [1,2]. The mechanisms contributing to
brain injury, especially in preterm infants, are not well understood [1]. Irrespective of
pathology, approximately 20 to 30% of infants who sustain brain injury at or near birth develop
significant neurological impairments [2–4], the degree of which depends on the extent, nature,
and location of the injury, as well as gestational age at the time of insult [5–7].
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When the hypoxic–ischemic insult is localized to specific brain regions, long-term
neurodevelopmental outcome is often accurately determined. In general, however, nonspecific,
widespread damage precludes long-term prognosis. Clinical markers (e.g., intrapartum
distress, intubation or resuscitation in the delivery room, Apgar scores <5 at 5 min) do not
reliably predict cognitive or motor outcome [8–10]. Similarly, although environmental factors
(e.g., stress, socioeconomic status, education of parents, and interaction of mother with infant)
correlate with developmental outcome in preterm and high-risk infants, they do not consistently
predict long-term progress in premature infants suspected of brain injury [11–14].

Results of brain magnetic resonance imaging (MRI) examination are objective and MR
techniques such as diffusion tensor imaging (DTI) can be used to characterize brain white
matter. In contrast to other potential predictors of long-term development, results of MRI
examinations are useful in determining long-term outcome in infants with suspected brain
injury [15–21]. Infants with severe white matter injury, especially to basal ganglia regions,
show persistent neurological abnormalities at school age [22–23]. In addition, converging
evidence suggests that reduced white matter volume measured by MRI is associated with
adverse outcomes [22,24]. Abnormal neurological findings are also effective predictors of
long-term outcome; evidence of encephalopathy or seizures in the early neonatal period
correlate with the subsequent development of mental retardation, cerebral palsy, and various
other developmental disabilities [6,7,25–28].

Few if any studies have investigated the separate and combined significance of clinical and
environmental factors and the results of MRI and neurological examinations in predicting
developmental outcome in children suspected of brain injury at birth. Consequently, the
objective of this study was to assess early neonatal determinants of neurodevelop-ment in
infants suspected of brain injury at or near birth.

2. Methods
2.1. Study design and setting

Developmental outcome at 12 and 18 months corrected gestational age in infants suspected of
brain injury at birth was assessed using descriptive prospective correlational analysis.
Premature infants suspected to have sustained brain injury at birth were recruited over a three-
year period from 5 Southern California University hospitals with level 3 Neonatal Intensive
Care Units (NICU). Although five hospitals with large NICUs (20–40 beds) assisted with the
recruitment of infants, the process of enrollment was slower than expected due to low incidence
of brain injury and reluctance of parents to enroll their high risk infants in a longitudinal
research study. The difficulties inherent to recruiting high-risk neonates to research studies
arising from equipoise and informed consent were recently discussed by Degos et al. [29].
Institutional Review Board approval was obtained at each hospital; informed consent was
acquired from all parents with infants participating in the study. With the exception of MRI
and neurological examinations (conducted in the pediatric clinics of the University of
California at Los Angeles; UCLA), mother and infant variables were collected in the home
environment.

2.2. Subjects
The initial sample consisted of 59 infants and their mothers. Mothers (17–40 years old) were
from a variety of socioeconomic and ethnic backgrounds. Infants were recruited if they were
between 28 and 37 weeks gestational age and either 1) met three of the criteria outlined in
Table 1 [30] or 2) had any abnormalities observed in MR images or electroencephalogram
(EEG) recordings (as performed in the NICU). Infants were excluded if they had Grade IV
intraventricular hemorrhage with periventricular leukomalacia, evidence of profound cortical
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destruction or atrophy, or any congenital anomalies (see Table 1); these conditions are
associated with severe long-term disabilities and high mortality rates. Furthermore, the fragility
of infants sustaining such damage may hinder MR image acquisition [7,27].

Fifty infants were assessed at 12 months corrected for gestational age (1 infant died, 3 were
excluded due to non-compliance, 5 were lost to follow-up), and 46 infants were assessed at 18
months corrected for gestational age (4 were lost to follow-up; Fig. 1). Although efforts were
made to minimize attrition (e.g., developing bonds with the family, collecting addresses of the
extended family, neighbors, and friends, flexibility in time and place of visit, frequent phone
calls to families, and empowering and supporting parents during visits); [31], 22% of the infants
were lost to follow-up. The characteristics of the infants and mothers who remained in the
study were the same as those lost to follow-up (Table 2).

2.3. Data collection
A bilingual (Spanish–English) developmental specialist blinded to the objectives of the study
and trained to 90% reliability on all scales collected all data excluding neurological and MRI
examination. Medical information was obtained from the medical records at baseline and
assessments including questionnaires (e.g., parental stress, social support), and direct
observation (e.g., Bayley II scales, mother–infant interactions, quality of the home
environment) were obtained at baseline (i.e., discharge, typically 2 to 19 weeks after birth),
and at 12 and 18 months corrected for gestational age. Questionnaires and other materials used
in this study were available bilingually [32].

2.4. Dependent variables
Cognitive and motor development of infants was assessed using Bayley II scales; these scales
are widely employed to measure development of infants and toddlers aged 16 days to 42
months, and require approximately 30 to 60 min to complete [33]. The validity and reliability
of these scales are well established, and have been used to successfully assess infants and
toddlers from various ethnic and socioeconomic groups. The Bayley II scales yield 2
measurements: the Mental Developmental Index (BSID-II-MDI) and the Motor
Developmental Index (BSID-II-PDI), these were the dependent variables of the study. Average
BSID-II-MDI and BSID-II-PDI scores in healthy infants and children are 100±15.

2.5. Independent variables
2.5.1. Neurological examination/head circumference—An experienced pediatric
neurologist (DS), blinded to MRI findings and medical history performed a neurological
examination at the three time points (i.e., baseline, 12, and 18 months). Information collected
included head circumference (in centimeters, assessed with a tape measure), head and limb
tone, motor abilities, reflexes, and visual and auditory acuity. Results were classiffied based
on the Amiel-Tison neurological assessment [34] as normal (0), mildly abnormal (1), or
severely abnormal (2; e.g., 2=abnormal limb tone + abnormal visual acuity + abnormal head
circumference).

2.5.2. Magnetic resonance imaging acquisition—No sedation was given to infants;
rather, mothers were instructed to feed infants after 4 h of fasting immediately before the scan
session. Infants were wrapped with an inflatable blanket that molded into their shape, and wore
earplugs and headphones with acoustical damping to protect them from MR scanning noise.
After ensuring infants were asleep, their heads were placed in the MR head coil; vital signs
were monitored using electrocardiography, and oxygen saturations using pulse-oximetry. An
anesthesiologist and a pediatrician were present during all scan sessions.
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Infants were scanned at baseline on a 1.5 T GE scanner (Milwaukee, MI, USA; Version 5.8);
these scans were independent of any that may have been performed in the NICU. For each
infant, structural scans acquired included a sagittal localizer, axial T1-weighted images (3D),
and axial T2-weighted FAST Spin Echo images. Images were transferred via secure intranet
to off-line computers for image processing. An experienced radiologist (SS) classified images
as either normal (0) or abnormal (1) based on the presence of lesions or other signs of overt
damage. Individual voxels (2×2 milliliters; mL) were automatically categorized as
predominantly gray matter, white matter, or cerebrosp-inal fluid (CSF) based on threshold
values established from the T2-weighted images, and then averaged across the entire brain to
compute total volume in mL3 (i.e., cm3’s) of three brain tissue classes.

Every attempt was made to image infants as soon as possible after discharge from the NICU
(between 2 and 19 weeks after birth). However, only 41 neonatal scans were complete and
could be read and analyzed for this study (1 infant died soon after discharge, 3 scan sessions
could not be read due to motion artifacts, and 14 did not have complete scans for various reasons
including transportation and scheduling difficulties). Because 8 of the infants who remained
in the study at 18 months did not have baseline MRI scans, we used results from the MR scans
acquired in the NICU. Two infants who completed the study did not have MR data (further
discussed in the Results section).

2.5.3. Mother–infant interaction—The Nursing Child Assessment Feeding Scale
(NCAFS) was used to assess mother–infant interactions [35]. This scale consists of 149 items
that are answered yes/no and yield a summary score. The predictive validity of the NCAFS
has been established with the Bayley II Scales of Infant Development (r=.72), the Preschool
Behavior Questionnaire (r =.79), and the Home Observation for Measurement of the
Environment (HOME; r=.76; 34).

2.5.4. Parenting stress—The Parenting Stress Index (PSI; short version) was designed to
evaluate the degree of stress related to parenting [36]. The PSI requires rating on a 5-point
scale the validity of a particular statement describing parents, their child, or their environment.
The scale has adequate concurrent and construct validity with a test–retest range of.68–.85 and
internal reliability range of.80–.87 [36].

2.6. Intervening variables
2.6.1. The home environment—The quality of the home environment was assessed using
the Caldwell “HOME” inventory [37]. The 45 items of the HOME assess both the response of
the mother to the child and the quality of the home environment. The 45 items are summarized
to six subscales and a single total score. The six subscales include; Responsivity, Acceptance,
Organization, Learning Materials, Involvement and Variety. Only the total score was used in
this study. Earlier studies have found the HOME to be significantly correlated with cognitive
ability at 3 years of age [38]. Inter-rater reliability is at 90% agreement and internal consistency
coefficients range between.44 and.89 for the subscales and.89 for the total scale.

2.6.2. Social support—Social support was assessed using the Perceived Social Support
Scale (PSS; 39). The multidimensional PSS evaluates the degree of satisfaction with the support
received from family members, friends, and significant others. It is composed of 12 items that
describe perceived support from those the respondent turned to if he/she had experienced
problems in the past six months. It has high internal consistency (α=.91) and validity and has
been used in several studies with various ethnic groups [39].

2.6.3. Demographic and background variables—Parental, perinatal, and neonatal data
were obtained from medical records and by maternal interview. Information obtained included
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the background of the parents (income, education, language spoken at home, and number of
children), as well as the medical history of the mother and infant (e.g., Apgar scores, gestational
age, birth-weight, and length of stay in the hospital).

2.6.4. Data analysis—Data were analyzed using the Statistical Package for Social Sciences
(SPSS). First, univariate analysis was used to describe the sample characteristics. Second,
bivariate analysis to test for multicollinearilty between the BSID-II-MDI and BSID-II-PDI
scores at 12 and 18 months and baseline independent and intervening variables (Table 3) were
performed. Third, to determine which variables best predicted outcome, the independent or
intervening variables that were significantly correlated with either the 12 month BSID-II-MDI
or the BSID-II-PDI or with the 18 month BSID-II-MDI or BSID-II-PDI were included in four
sets of multiple regression analysis; two for the BSID-II-MDI at 12 and 18 months and two
for the BSID-II-PDI at 12 and 18 months.

3. Results
The characteristics of the sample population are presented in Table 2. At baseline, infants had
a mean birth weight of 1713.8±1242.5 (range=1234.5–2923.9 g), a mean gestational age of
31.2±3.5 weeks (range=28–37 weeks), and a mean Apgar score at 5 min of 6.2±3.5.
Approximately 73% of the sample was of Hispanic origin; 13% were Caucasian and 12% were
African-American. Seventy-four percent of mothers had prenatal care in the second trimester,
90% received antenatal steroids, and 68% had cesarean deliveries. There were no significant
differences at the 12 and 18 month time points on baseline characteristics of the infants
sampled, indicating that those who remained in the study were not different than those lost to
follow-up.

MRI (n=41) scans at baseline yielded the following: 2 (5%) infants had apparently normal MRI
results, but abnormal neurological findings that persisted until 18 months, 10 (24%) infants
had apparently normal MRI results, but abnormal neurological signs at baseline that were no
longer evident at the 12 or 18 month time-points, and 29 (71%) infants revealed abnormal MRI
results which were associated with abnormal neurological findings that persisted until 18
months.

Correlation matrices revealed significant correlations between BSID-II-MDI and BSID-II-PDI
scores at 12 (n=50) and 18 (n=46) months and the following variables at baseline (Table 3):
length of hospital stay, Apgar scores at 5 min, NCAFS, PSI, head circumference, neurological
examination, and MRI results; these variables were entered into four sets of multiple regression
analyses. Gestational age, birth weight, socioeconomic status, ethnicity, maternal education,
social support and HOME were not correlated with the 12 or 18 month BSID-II-MDI and
BSID-II-PDI scores.

3.1. Predictors of motor (BSID-II-PDI) outcome
Table 4 indicates the R2 significance and standardized beta weights for each of the predictor
variables of BSID-II-PDI scores at 12 and 18 months. For the BSID-II-PDI scores at 12 months,
the model accounted for 37% of the variance (F (7/48)=5.58, p<.05). MRI results, neurological
examinations, head circumference, and Apgar scores were significantly related to the BSID-
II-PDI scores (β=.29, p<.01; β=.23, p<.05; β=.22, p<.05; β=.19, p<.05 respectively). The
remaining variables did not contribute significantly to the BSID-II-PDI scores. At 18 months,
the same trend was noted with the exception of Apgar scores, which were no longer significant.
Forty-three percent of the variance was explained by the predicting variables (F (7/39)= 5.25,
p<.01); MRI scans (β=.26, p<.05), neurological exams (β=.25, p<.05), and head circumference
(β=.24, p<.05). This indicates that the best predictors of motor outcome in premature infants
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suspected of brain injury at birth were the MRI scans performed at baseline, neurological
assessments, and head circumference.

3.2. Predictors of mental (BSID-II-MDI) outcome
Apgar scores, length of hospital stay, head circumference, NCAFS, PSI, MRI results, and
neurological examinations were entered into a multiple regression analysis and explained 38%
of the variance in the BSID-II-MDI scores at 12 months (F (7/48)=6.6, p<.01). MRI results
(β=.32, p<.01), neurological examinations (β=.25, p<.05), head circumference (β=.21; p<.05),
Apgar scores (β=.17. p<.05) and length of hospital stay (β=.20, p<.05) were all significantly
related to the mental scores. At 18 months, the same model accounted for 40% of the variance
in predicting the BSID-II-MDI scores (F (7/39)=6.33, p<.01) with MRI results (β=.25, p<.01),
neurological examinations (β=.22, p<.05), and head circumference (β=.20, p<.05) significantly
related to the mental scores. This indicates that the best predictors of mental outcome in
premature infants suspected of brain injury at birth were the MRI scans performed at baseline,
neurological assessments, and head circumference.

3.3. Brain tissue volume and neurodevelopment
Developmental outcome as quantified using BSID-II-MDI and BSID-II-PDI scores at 12 and
18 months was assessed with respect to brain tissue volumes as quantified from the baseline
MR scans. White matter volume significantly correlated with BSID-II-PDI (12 months: r=.31,
p<.05; 18 months: r=.29, p<.05) and BSI-II-MDI (12 months: r=.36, p<.05; 18 months: r=.31,
p<.05; Fig. 2). Greater white matter volume was associated with higher (i.e., better) BSID-II-
PDI and BSID-II-MDI scores at 12 and 18 months.

4. Discussion
The purpose of this study was to determine which variables best predict neurodevelopmental
outcome in infants suspected to have sustained brain injury at birth. The results revealed that
at both 12 and 18 months, MRI scans, neurological examinations, and head circumference were
significantly related to outcome which is in accordance with earlier studies [18,28,40–42].
What is novel is that this study demonstrates that neurological examinations, conducted by an
experienced neurologist are as significant in predicting neurodeve-lopmental outcome as
results of MRI scans. Infants with abnormal neurological evaluations at baseline are more likely
to develop neurological abnormalities at 12 and 18 months than those with normal neurological
examinations. This finding is especially relevant for situations in which MR imaging is
unavailable [41,43]. Likewise, we noted that head circumference is strongly associated with
neurode-velopmental outcome, a finding supported by research findings which document the
association between suboptimal head growth, the presence of brain lesions, and poor
neurodevelopmental outcome [28,40]. This study also suggests that while Apgar scores at 5
min and length of hospital stay are useful measures in predicting short-term motor and mental
scores [29,44], they do not significantly predict long-term outcome (i.e., BSID-II-PDI and
BSID-II-MDI scores at 18 months) [45–47]. Of note is that although the clinical criteria used
for inclusion in this study have previously been used to diagnose brain injury [41], 31% of the
infants recruited had apparently normal MR images at baseline. Indeed, two infants with
“normal” MRI scans at baseline presented with neurologic abnormalities at 12 and 18 months
(cerebral palsy and mild hemiplegia) which lends support to the idea that neurological
assessments are a more reliable index of outcome.

Other plausible explanations for the current findings are that the clinical observations or
histories obtained at baseline were inaccurate or that the MR image resolution was insufficient
to allow for the detection of subtle brain insults. Furthermore, the predictive capacity of MRI
is hindered when the brain insult is subtle, especially in newborn infants [19,20,27]. To date
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neither the positive predictive value of MRI scans nor their specificity in newborns with brain
injury are 100% [48].

Consistent with previous findings, a correlation between brain white matter volume at
discharge and neurodevelopmental outcome, as quantified using BSID-II-PDI and BSID-II-
MDI scores was demonstrated [18,49,50]. MR studies indicate that mild white matter injury
is associated with relatively normal development, while moderate to severe white matter injury
is linked to cognitive delays, motor impairments, and cerebral palsy [51,52].

Environmental factors (i.e., socioeconomic background, stress levels, ethnicity, education of
mothers, mother–infant interaction, and social support) did not contribute significantly to
predicting the developmental outcome of infants with suspected brain injury, in contrast to
previous reports (e.g., [32,53,54]). A potential explanation is that this study included infants
with suspected brain injury, while previous studies included high-risk preterm infants. Thus,
while high-risk premature infants may have the resilience and the potential to benefit from
higher parental education and a rich home environment, infants with a brain injury do not seem
to have a similar malleability. Furthermore, using the results of MRI scans and neurological
examinations to predict outcome may have dwarfed the predictive contributions of
environmental variables [17,24,25]. Bendersky and Lewis [12] noted that the severity of
intraventricular hemorrhage remained the most significant predictor of motor and language
development at three years compared to family risk factors and socioeconomic status. Finally,
the period of follow-up (18 months) may have been too early to observe the influence of
environment on neurodevelopmental outcome [53–55]. The potential for environmental factors
to influence neurodevelopment at later time points warrants further investigation.

The main limitation of this study was the relatively small sample size, especially considering
the number of variables evaluated. However, despite the small sample size, 42–48% of the
variance in predicting BSID-II-PDI scores and 37–44% of the variance in predicting BSID-II-
MDI scores were accounted for by results of MRI and neurological examinations. A similar
limitation was that MRI scans were not collected for all infants; this is especially problematic
as the least stable infants were the least likely to have completed the MR imaging session.

In conclusion, abnormal MRI findings, results of neurological examinations completed by an
experienced neurologist, and head circumference are accurate predictors of
neurodevelopmental outcome in infants with suspected brain injury. Although improvements
in MR technology will assist in making MRI the best predictive method available, it is neither
economical nor practical in many situations. Neurological examinations, on the other hand,
are convenient and as accurate in predicting neurodevelopmental outcome as MRI findings
[19,27]. The same is true for head circumference which can easily be assessed. It is suggested
that when possible, infants suspected of brain injury at or near birth undergo MR, neurological,
and head circumference assessments before discharge from the NICU. This information may
help in tailoring interventions that might improve the development of infants suspected of brain
injury.
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Fig. 1.
Number of subjects followed over 18-months.
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Fig. 2.
White matter total volume (cm3) and MDI scores at 18 months (N=33).
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Table 1
Criteria for infant inclusion or exclusion.

Inclusion criteria: the presence of at least three of the following characteristics

Intrapartum distress:

 Placental abruption, thick stained meconium amniotic fluid, and/or abnormal fetal heart rate (e.g., bradycardia, <100 beats/min).

Within 5–10 min of birth:

 APGAR score <5 (10 minute APGAR score acceptable if 5 minute appraisal unavailable).

Within 1 h of birth:

 Intubation and/or resuscitation.

Within 72 h of birth:

 pH<7.0; cord blood, base deficit of −10 meq/L or more; cord blood, or pH of <7.1; arterial blood.

Any time during NICU stay:

 Abnormal neurological exam.

Any time during NICU stay:

 Abnormal head ultrasound, abnormal EEG, abnormal CT scan, or abnormal MRI scan.

Anytime during NICU stay:

 Seizure activity.

Intraventricular hemorrhage:

 Grade III or IV with NO evidence of periventricular leukomalacia or severe cortical destruction/atrophy.

Exclusion criteria: the presence of any one of the following conditions

Cochlear or pacemaker implants.

Congenital orthopedic anomalies requiring surgery.

Congenital CNS anomalies.

Congenital cardiac anomalies (severe or at multiple sites).

Genetic conditions (e.g., trisomy 18, trisomy 21, fragile X syndrome).

Genetic syndromes indicating errors in metabolism (e.g., phenylketonuria).

Intraventricular hemorrhage:

 Grade IV with evidence periventricular leukomalacia or severe cortical destruction/atrophy.
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Table 2
Characteristics of the sample (mean±SD) for baseline variables at the different time points.

Characteristic/variable Baseline (n=59) 12 months (n=50) 18 months (n=46) p value

Birth weight (grams) 1713.8±1242.5 1709.5±1087.7 1708.2±907.7 NS

Gestational age (weeks) 31.2±3.6 30.5±3.8 31.7±4.2 NS

APGAR score (5 min) 6.2±3.5 6.1±3.9 6.6±3.2 NS

Head circumferencea 30.5±6.6 30.2±8.5 31.6±7.8 NS

Male/female 34/25 27/23 24/22 NS

Prenatal care (2nd trimester) 43 of 59 39 of 50 37 of 46 NS

Maternal age (years) 27.1±3.7 29.2±3.7 28.8±3.4 NS

Maternal education (NGrade
12)

25 of 59 22 of 50 20 of 46 NS

Days in hospital 66.3±10.5 68.9±9.6 69.1±10.2 NS

Hispanic 42 of 59 34 of 50 26 of 46 NS

Parental Stress Index 75.8±11.9 77.6±16.9 76.6.±19.8 NS

Perceived Social Support 69.2±12.8 65.6±9.4 64.8±10.6 NS

Mother/infant interaction 61.3±8.2 59.9±9.1 60.2±10.2 NS

The HOME 34.2±5.5 35.7±5.3 37.2±7.4 NS

Bayley motor score 88.3±18.7 84.1±20.4 86.3±16.9 .05*

Bayley mental score 82.6±19.5 89.6±20.2 90.2±22.3 .04*

NS = not significant.

*
Wilcoxon p test significnt at p<.05.
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Table 4
Predictors of BSID-II-PDI and BSID-II-MDI scores.

R2
BSID-II-PDI BSID-II-MDI

12 months 18 months 12 months 18 months

.38 .42 .39 .40

β β β β

MRI results 28** .25* .31** .26**

Neuro exam .22* .27* .23* .23*

Head circumference .21* 23* .24* .19*

APGAR scores .19* 06 .17* .09

Length of hospital stay −.08 −.07 −.20* −.08

Parental stress −.09 −.11 −.04 −.06

Mother/infant interaction .10 .08 .09 .03

*
p<.05.

**
p<.01.
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