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OBJECTIVE Brain injury remains a serious complication of prematurity. Almost half of infants with severe intraventricu-
lar hemorrhage (IVH) develop posthemorrhagic ventricular dilatation (PHVD) and 20% need surgery for posthemorrhagic 
hydrocephalus (PHH). This population is associated with an increased risk of later neurodevelopmental disability, but 
there is uncertainty about which radiological and examination features predict later disability. In this study the authors 
sought to devise and describe a novel combination of neurobehavioral examination and imaging for prediction of neuro-
developmental disability among preterm infants with PHVD and PHH.
METHODS The study patients were preterm infants (< 36 weeks gestation) with IVH and PHVD, with or without PHH. 
Ventricular index (VI), anterior horn width (AHW), thalamooccipital distance (TOD), ventricle/brain (V/B) ratio, and re-
sistive indices (RIs) were recorded on the head ultrasound (HUS) just prior to surgery, or the HUS capturing the worst 
PHVD when surgery was not indicated. The posterior fossa was assessed with MRI. Neonatal ICU Network Neurobe-
havioral Scale (NNNS) examinations were performed at term age equivalent for each infant. A neurodevelopmental as-
sessment using the Capute Scales (Capute Cognitive Adaptive Test [CAT] scores and Capute Clinical Linguistic Auditory 
Milestone Scale [CLAMS] scores) and a motor quotient (MQ) assessment were performed between 3 and 6 months of 
age corrected for degree of prematurity (corrected age). MQs < 50 reflect moderate to severe delays in early motor mile-
stone attainment, CAT scores < 85 reflect delays in early visual and problem-solving abilities, and CLAMS scores < 85 
reflect delays in early language.
RESULTS Twenty-one infants underwent assessments that included imaging and NNNS examinations, Capute Scales 
assessments, and MQs. NNNS nonoptimal reflexes (NOR) and hypertonicity subscores and AHW were associated with 
MQs < 50: NOR subscore OR 2.46 (95% CI 1.15–37.6, p = 0.034), hypertonicity subscore OR 1.68 (95% CI 1.04–3.78, 
p = 0.037), and AHW OR 1.13 (95% CI 1.01–1.39, p = 0.041). PVHI, cystic changes, and neurosurgical intervention 
were associated with CAT scores < 85: PVHI OR 9.2 (95% CI 1.2–73.2, p = 0.037); cystic changes OR 12.0 (95% CI 
1.0–141.3, p = 0.048), and neurosurgical intervention OR 11.2 (95% CI 1.0–120.4, p = 0.046). Every 1-SD increase in 
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Despite advances in neonatal care, brain injury re-
mains a serious complication of prematurity. In-
traventricular hemorrhage (IVH) occurs in up to 

30% of premature infants. Among infants with severe 
IVH, one-third to one-half develop posthemorrhagic 
ventricular dilatation (PHVD), and 20% require surgi-
cal intervention due to posthemorrhagic hydrocephalus 
(PHH).3,41 Preterm infants with PHVD, particularly those 
requiring intervention for hydrocephalus, are at high risk 
for future neurodevelopmental disability, given comorbid 
and cumulative risks from IVH, ventriculomegaly, and 
white matter injury.

The spectrum of motor and cognitive sequelae includes 
cerebral palsy (CP), developmental coordination disorder, 
intellectual disability, memory and executive function 
deficits, attention deficit/hyperactivity disorder, cortical 
visual impairment, epilepsy, chronic pain, and behavior 
problems.9,21,23,25,35,42,43,45

Despite the magnitude and heterogeneity of these 
neurodevelopmental complications, there are important 
limitations in the literature regarding the measurement 
of motor and cognitive outcomes in patients with PHVD 
and PHH. These include inadequate delineation of PHVD 
from PHH and differing timings and types of neurodevel-
opmental assessments.

Larger lateral ventricles and more severe or higher 
grades of IVH in preterm infants have been associated 
with worse motor and cognitive scores.9,18,20,32,38 However, 
the current practice paradigm cannot delineate PHVD 
from PHH because it excludes precise measurements of 
both ventricular size and individual clinical information. 
This lack of delineation is important because preterm in-
fants with PHH are at higher risk for gross motor abnor-
malities such as CP than preterm infants with IVH alone 
or PHVD without PHH.2,16,25

In addition, developmental assessments in this cohort 
are typically conducted after discharge from the neonatal 
ICU (NICU) and may consist only of parent reports of 
developmental milestone acquisition.50 This contributes to 
the varying reported types and frequencies of neurodevel-
opmental impairment in pediatric patients with PHH.9,21,25

Although the need for interventions for brain injury 
and coexisting medical morbidities are closely tied to 
outcomes in preterm infants with PHH,5,34 there are cur-
rently no specific imaging parameters that can be used to 
consistently predict outcomes in these patients. The use of 
evidenced-based neonatal assessment to quantify deficits 
in the neonatal period is needed both to augment existing 

clinical imaging practices and to develop and test targeted 
early interventions for infants with PHVD and PHH in 
clinical trials.

In the first study with this prospective cohort, motor 
and cognitive abnormalities identified on neonatal neu-
robehavioral examinations (NICU Network Neurobehav-
ioral Scale [NNNS]) in infants with PHVD correlated 
with head ultrasound (HUS) and MRI findings.17 Specifi-
cally, higher NNNS nonoptimal reflexes (NOR) and hy-
potonicity subscores and lower attention subscores were 
associated with larger ventricles. Decreased habituation, 
or a limited ability to ignore repetitive stimuli, was as-
sociated with periventricular hemorrhagic infarction 
(PVHI).

The aim of our present study was to devise and describe 
a novel combination of developmental assessment tools 
and imaging modalities to improve prediction of early de-
velopmental deficits in infants with PHVD and PHH. In 
addition to the neonatal NNNS and brain imaging studies, 
we also performed comprehensive 3–6-month follow-up 
assessments for these same infants using motor quotients 
(MQs) and the Capute Scales. MQs quantify early gross 
motor delay by comparison of an infant’s “motor age,” or 
the age equivalent of their best motor performance on a 
series of typical motor milestones, to their “actual age” 
(in this case we used age corrected for degree of prematu-
rity [corrected age]).12 The Capute Scales, a valid, reliable, 
and efficient 100-item developmental assessment tool, 
includes 2 subscales that measure visual and nonverbal 
problem-solving skills (Capute Adaptive Test [CAT]) and 
expressive and receptive language (Capute Linguistic and 
Auditory Milestone Scale [CLAMS]).10,33,46

Methods
Study Design and Subjects

Recruitment for this prospective cohort study was ap-
proved by the internal review board at Johns Hopkins 
Hospital and the Kennedy Krieger Institute and was con-
ducted from July 1, 2016, to July 31, 2018. Eligible patients 
were preterm infants who were born during this time 
frame with IVH and ventricular dilatation, with or without 
PHH, and were born in or referred to our level IIIB or IIIC 
NICUs. Infants with IVH and ventricular dilatation were 
classified as having PHVD. The subset of children within 
this group of PHVD patients who required neurosurgical 
intervention for hydrocephalus were classified as PHH. 
After the initial classification, no cases of PHVD were 
later classified as PHH. The pediatric neurosurgeons at 

the NOR subscore was associated with an increase in odds of a CAT score < 85, OR 4.0 (95% CI 1.0–15.0, p = 0.044). 
Worse NNNS NOR subscores were associated with early language delay: for a 1-SD increase in NOR subscore, there 
was an increase in the odds of a CLAMS score < 85, OR 19.5 (95% CI 1.3–303, p = 0.034).
CONCLUSIONS In former preterm children with severe IVH and PHVD, neonatal neurological examination findings and 
imaging features are associated with delays at 3–6 months in motor milestones, visual and problem-solving abilities, and 
language.
https://thejns.org/doi/abs/10.3171/2019.9.PEDS19438
KEYWORDS outcome; neurodevelopment; posthemorrhagic ventricular dilatation; posthemorrhagic hydrocephalus; 
assessment
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Johns Hopkins Hospital used the Hydrocephalus Clinical 
Research Network consensus guidelines regarding timing 
for surgical treatment.49 Consensus was reached accord-
ing to these guidelines among the neurosurgery team for 
each individual infant. Infants were excluded if they had 
suspected or confirmed genetic anomalies. Eligible in-
fants were identified via neurodevelopmental consultation 
with the Neurosciences Intensive Care Nursery or by re-
quest of the clinical team as part of routine NICU clinical 
practice for infants with IVH and PHVD. After NNNS 
examination was performed for clinical purposes, consent 
was obtained from parents or legal guardians to enroll the 
infant as a participant in this prospective clinical research 
cohort, for which participation included review of clini-
cally obtained standard-of-care neuroimaging and neuro-
developmental follow-up examinations.

A total of 28 eligible infants were initially recruited, 
and for 21 of them data from complete neurodevelopmen-
tal evaluation at 3–6 months corrected age was available 
at the time of this report. The remaining 7 infants were lost 
to follow-up. For each eligible infant we recorded baseline 
demographic and comorbidity data, including IVH grade 
by the Papile scoring system,39 sepsis, necrotizing entero-
colitis (NEC), bronchopulmonary dysplasia (BPD) sever-
ity,27 and retinopathy of prematurity (ROP).

Neonatal Neurobehavioral Measures
The NNNS examination is a standardized assessment 

tool that measures both neurological integrity and behav-
ioral function and also includes a separate stress/absti-
nence scale to document stress behavior and state regu-
lation through withdrawal.31 This examination has strong 
psychometric qualities and validity in the assessment of 
motor and cognitive deficits in the neonatal period.37 Ex-
aminer certification requires formal instruction and reli-
ability testing. The 2 examiners in this study (R.A.D. and 
V.J.B.) were independently certified and passed reliability 
testing with each other. The NNNS examinations were 
performed at the closest time point to term-age equiva-
lent, ideally no sooner than 34 weeks postmenstrual age 
(PMA) and at least 10 days from the neurosurgical proce-
dure, as previously described.17 These examinations were 
only performed in medically stable infants with the agree-
ment of the treating medical team. The NNNS summary 
scores were grouped into the following 2 categories: mo-
tor (with subscores for hypertonicity, hypotonicity, excit-
ability, lethargy, NOR, asymmetrical reflexes, and quality 
of movement) and cognitive (with subscores for habitua-
tion, attention, handling, regulation, stress/abstinence, and 
arousal).

The NNNS NOR subscore was used to assess the pres-
ence of newborn reflexes and strength of each response. 
The included reflexes are lower-extremity reflexes (plantar 
grasp, Babinski, elicited ankle clonus), upper-extremity 
grasp, oromotor reflexes (rooting, sucking), reflexes elic-
ited with infant in prone position (crawling reflex and head 
raise), reflexes elicited with the infant in supine position 
(asymmetrical tonic neck reflex), reflexes elicited with the 
infant held in ventral suspension (incurvation), reflexes 
elicited with the infant held upright (placing, stepping), 
and reflexes elicited when spinning the infant (tonic devia-

tion of the head and eyes and nystagmus). Results were 
recorded and analyzed using R: A Language and Environ-
ment for Statistical Computing (R Foundation for Statisti-
cal Computing). These reflexes differ with regard to the 
criteria for optimal responses; a brisk response is desirable 
for some types of reflexes, while for others a more moder-
ate response is optimal. As such, for each item the optimal 
response is described, and any other response is coded as 
nonoptimal,8 for a maximum count of 15 nonoptimal re-
flexes.

The NNNS hypertonicity subscore captures increased 
active and passive muscle tone in the arms, legs, and trunk 
and summary scores of tone and movement overall. A 
high score indicates an infant who is consistently hyper-
tonic in the arms, legs, trunk, neck, and shoulders.8

Neuroimaging
A pediatric neuroradiologist (B.P.S.) blinded to the pa-

tient’s clinical course measured the ventricular size indi-
ces on the last HUS prior to surgical intervention, or if 
no surgical intervention was performed, the HUS with the 
worst ventriculomegaly. Measurements included left and 
right ventricular index (VI), anterior horn width (AHW), 
thalamooccipital distance (TOD), and ventricle/brain 
(V/B) ratio. Doppler resistive indices (RIs) were recorded 
in the anterior cerebral artery, both with and without gen-
tle manual pressure on the transducer. White matter injury 
in the form of PVHI or cystic changes (correlating with 
periventricular leukomalacia [PVL] grades II–IV14) were 
described as present or absent.

The posterior fossa was assessed with MRI as clini-
cally indicated, with MRIs obtained on 14/21 patients. 
The degree of fourth-ventricle dilatation was qualitatively 
scored (0 = none; 1 = mild, ventricle compresses vermis 
only; 2 = moderate, ventricle compresses dorsal brain-
stem; 3 = severe, ventricle compresses ventral brainstem 
against clivus; 4 = massive, ventricle extends superiorly to 
supratentorial compartment), and the anteroposterior (AP) 
diameter of the cerebellum was measured from the fasti-
gial point to the posterior vermis (pyramid).

Early Neurodevelopmental Evaluations
Infants who underwent neonatal NNNS and neuro-

imaging assessments in the neonatal period were seen in 
early clinical follow-up visits at 3–6 months at the Infant 
Neurodevelopmental Center at the Kennedy Krieger In-
stitute, the main location for follow-up visits for high-risk 
NICU graduates. A visit at either 3 or 6 months was ac-
cepted, and the latter was selected if the infant had both 
available. We selected the comprehensive Capute Scales 
as the primary developmental assessment. They are a vali-
dated and standardized measure of development, both as a 
stand-alone measure in conditions such as antenatal ven-
triculomegaly22 and prematurity7 and in correlation with 
and prediction of future scores for the Bayley II Scales of 
Infant Development.47

Two separate scores are generated with the Capute 
Scales: an age level in months for visual and nonverbal 
problem-solving skills (CAT) and an age level in months 
for expressive and receptive language (CLAMS). Age 
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equivalents on each scale are established based on the pa-
tient’s mastery of all items at the highest age level plus the 
addition of weighted point values for items achieved above 
this age level and until a ceiling is reached (i.e., failure 
to achieve any items in a given age level). Scores can be 
calculated for chronological age (the age in months from 
birth) or age corrected for degree of prematurity (correct-
ed age; determined by subtracting the number of weeks 
born preterm before 40 weeks from the chronologic age). 
In this study corrected age was used to calculate the quo-
tients below.

Developmental quotients (DQs) for the CLAMS and 
CAT were calculated as follows: CLAMS or CAT DQ = 
(age equivalent on CLAMS or CAT/age corrected for de-
gree of prematurity) × 100. Scores at the 3- and 6-month 
time points are comparable to each other, as DQs are ad-
justed per age in this way, with 100 as a perfect score, or 
fully “on track” for age.

MQs were calculated as follows: MQ = (motor age/age 
corrected for degree of prematurity) × 100.

Statistical Analyses
Descriptive statistics, including medians, standard de-

viations, interquartile ranges, and percentages, were used 
to summarize the cohort. Logistic regressions were used 
to examine the relationships between imaging parameters, 
neurosurgical interventions, and NNNS examination 
subscores with MQs less than 50 and CAT and CLAMS 
DQs less than 85, both corrected for degree of prematu-
rity. Measured covariates included infant demographic 
and clinical characteristics (Table 1) and PMA at the time 
of NNNS assessment and HUS and MRI examinations 
during the neonatal period (Table 2). Analyses were not 
adjusted for these potential confounders, given the small 
sample size. All analyses were conducted in R version 
3.5.0 (R Foundation for Statistical Computing).

Results
Patient Characteristics

A total of 21 consented patients had NNNS and HUS 
examinations and follow-up Capute Scales and MQ assess-
ments; furthermore, of these 21 patients, 14 also had MRI 
studies performed. The median gestational age at birth was 
26.2 weeks (IQR 25.0–28.4) and median birth weight was 
880 g (IQR 750–1400) (Table 1). The median PMAs at the 
times of assessment were 31.6 weeks for HUS, 37.4 weeks 
for MRI, and 37.4 weeks for NNNS (Table 2). The median 
corrected age at Capute Scales and MQ assessment was 
4 months (Table 2). The 7 infants with missing follow-up 
metrics had no statistically significant differences from in-
fants with complete follow-up, with the exception of ma-
ternal insurance status; mothers with private insurance had 
statistically significantly higher rates of infant follow-up 
than mothers with public insurance (p = 0.029).

TABLE 1. Clinical characteristics of 21 neonates with PHVD and 
developmental outcome assessment at 3–6 months from term

Values

Gestational age at birth 26 wks 2 days  
(25 wks–28 wks 4 days)

Birth weight, g 880 (750–1400)
5-min APGAR 7 (4.75–8)
Treated for culture-positive/-negative sepsis 15 (71)
Female sex 9 (43)
Systemic steroids 4 (19)
Adequate prenatal betamethasone* 14 (67)
Chorioamnionitis 1 (5)
Severe ROP† 11 (52)
Moderate/severe BPD‡ 16 (76)
Race
 White 12 (57)
 African American 7 (33)
 Asian 1 (5)
 Hispanic 1 (5)
NEC stage§
 1B 3 (14)
 3B 1 (5)
IVH grade
 1 3 (14)
 2 2 (10)
 3 9 (43)
 4 (PVHI) 7 (33)

Values are presented as median (IQR) or number (%) of patients.
* Completed 24 hours in utero after second dose.
† Stage 3 or surgical intervention/biologic medication.
‡ Per National Institute of Child Health and Human Development criteria27 
moderate BPD as O2 administration for ≥ 28 days plus treatment with < 30% 
FiO2 at 36 weeks PMA and severe BPD as O2 administration for ≥ 28 days plus 
≥ 30% FiO2 and/or positive pressure at 36 weeks’ PMA.
§ Modified Bell Staging Criteria for Necrotizing Enterocolitis29; only present 
cases and grades displayed.

TABLE 2. Age characteristics of 21 neonates at the time of 
imaging and developmental assessment

Values

PMA
 At HUS 31 wks 6 days  

(30 wks–33 wks 6 days)
 At MRI 37.5 (35.5–40.4)
 At NNNS 37.4 (34.4–39.6)
Median age at follow-up exam (mos)
 Chronological age 7.0 (6.0–9.0)
 Age corrected for prematurity 4.0 (3.0–5.5)
NNNS exams performed in PMA category
 <34 wks 2 (10)
 34.0–34.6 wks 4 (19)
 35.0–35.6 wks 1 (5)
 36.0–36.6 wks 3 (14)
 37+ wks 11 (52)

Values are presented as median (IQR) or number (%) of patients.
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Early Motor Milestone Attainment Assessed by MQ
Corrected age MQs were significantly associated with 

NNNS NOR and hypertonicity subscores and AHW 
(Table 3). Nonoptimal reflexes were observed in all 21 in-
fants. The mean standardized z score of 0.48 for the NOR 
subscore was calculated from the mean value of 4.5 (2.07). 
A 1-SD increase in the NOR subscore was related to an 
increase in the odds of an MQ < 50 for corrected age (OR 
2.46, 95% CI 1.15–37.6, p = 0.034). A 1-SD increase in the 
hypertonicity subscore was similarly related to an increase 
in the odds of MQ < 50 (OR 1.68, 95% CI 1.04–3.78, p = 
0.037). A 1-SD increase in one measure of ventricular en-
largement, AHW, was also associated with increased odds 
of MQ < 50 (OR 1.13, 95% CI 1.01–1.39, p = 0.041). Need 
for neurosurgical intervention, and all other neuroimag-
ing measures of ventricular size and white matter damage, 
were not statistically significantly associated with MQs. 
The negative associations between MQ for corrected age 
and progressively higher NOR and hypertonicity subscore 
z scores and AHW are shown in Fig. 1.

Summary of Capute Scores
A significant percentage of infants had the following 

abnormal follow-up measurements (all for corrected age): 
1) median CAT score 93.6 (IQR 80.9–137.0), with 38% 
of infants having a CAT DQ < 85; 2) median CLAMS 
score 97.8 (IQR 65.0–110.7), with 38% of infants having a 
CLAMS DQ of < 85.

Early Foundational Visual and Problem-Solving Capute 
Scores

CAT DQs < 85 for corrected age were significantly as-
sociated with history of neurosurgical intervention, PVHI, 
cystic changes, and NNNS NOR subscores, and later odds 
of having CAT DQs < 85 for corrected age were signifi-
cantly increased by the need for neurosurgical interven-
tion (OR 11.2, 1.04–120.36, p = 0.046), presence of PVHI 
(OR 9.17, 1.15–73.24, p = 0.037), and cystic changes (OR 
12.0, 1.02–141.34, p = 0.048) (Table 3). Those infants with 
any neurosurgical intervention (subgaleal or ventriculo-

TABLE 3. Odds ratios for 3–6-month MQs and CAT and CLAMS scores for corrected age by neurosurgical intervention, neonatal radiology, 
and NNNS motor and cognitive subscores

Predictor
OR for MQ <50 (vs ≥50) OR for CAT <85 (vs ≥85) OR for CLAMS <85 (vs ≥85)

Estimate 95% CI p Value Estimate 95% CI p Value Estimate 95% CI p Value

Neurosurgical intervention 16.00 (0.75, 85.31) 0.085 11.20 (1.04, 120.36) 0.046 1.07 (0.97, 1.18) 0.196
Neonatal radiology parameter
 VI 1.09 (0.99, 1.40) 0.062 1.12 (0.98, 1.28) 0.101 1.05 (0.93, 1.18) 0.433
 AHW 1.13 (1.01, 1.39) 0.041 1.12 (1.00, 1.27) 0.059 1.07 (0.97, 1.18) 0.196
 TOD 1.07 (0.99, 1.16) 0.102 1.05 (0.98, 1.12) 0.185 1.03 (0.97, 1.10) 0.345
 V/B ratio 2.52 (0.94, 12.51) 0.062 ∞ (0.11, ∞) 0.072 327.82 (0.21, ∞) 0.122
 RI (w/ pressure) 31,564.91 (0.09, ∞) 0.130 24.19 (0.00, ∞) 0.470 16.45 (0.00, ∞) 0.522
 RI (w/o pressure) 6711.19 (0.23, ∞) 0.083 5432.58 (0.07, ∞) 0.135 31.31 (0.00, ∞) 0.497
 PVHI 2.40 (0.28, 12.46) 0.515 9.17 (1.15, 73.24) 0.037 1.35 (0.21, 8.62) 0.751
 Cerebellum AP diameter 0.89 (0.74, 1.09) 0.261 0.86 (0.69, 1.06) 0.162 0.93 (0.78, 1.12) 0.457
 4th-ventricle dilatation 3.03 (0.78, 11.70) 0.108 2.08 (0.70, 6.16) 0.189 2.19 (0.73, 6.53) 0.162
 Cystic changes 2.50 (0.18, 11.72) 0.718 12.00 (1.02, 141.34) 0.048 1.05 (0.93, 1.18) 0.433
NNNS motor exam z score
 Excitability 1.21 (0.58, 2.95) 0.513 1.47 (0.66, 3.28) 0.349 1.59 (0.71, 3.60) 0.263
 Lethargy 1.39 (0.63, 8.64) 0.204 1.57 (0.46, 5.35) 0.473 1.57 (0.46, 5.35) 0.473
 NOR 2.46 (1.15, 37.57) 0.034 3.95 (1.04, 15.03) 0.044 19.54 (1.26, 302.76) 0.034
 Asymmetric reflexes 0.89 (0.41, 1.84) 0.714 1.02 (0.51, 2.04) 0.959 1.86 (0.85, 4.11) 0.123
 Hypertonicity 1.68 (1.04, 3.78) 0.037 1.81 (0.97, 3.37) 0.060 1.81 (0.97, 3.37) 0.060
 Hypotonicity 1.66 (0.87, 10.49) 0.083 2.15 (0.71, 6.53) 0.176 2.15 (0.71, 6.53) 0.176
 Movement 1.59 (0.56, 2.97) 0.558 0.8 (0.37, 1.73) 0.576 1.03 (0.48, 2.20) 0.949
NNNS cognitive exam z score
 Habituation 0.77 (0.28, 1.40) 0.259 0.63 (0.28, 1.40) 0.259 0.85 (0.41, 1.76) 0.67
 Attention 0.67 (0.12, 1.19) 0.096 0.68 (0.27, 1.71) 0.407 0.38 (0.12, 1.19) 0.096
 Handling 0.89 (0.35, 3.66) 0.839 1.17 (0.37, 3.67) 0.792 1.62 (0.49, 5.39) 0.429
 Self-regulation 0.52 (0.19, 1.56) 0.257 0.49 (0.17, 1.41) 0.185 0.48 (0.17, 1.39) 0.177
 Arousal 1.69 (0.77, 4.77) 0.165 1.85 (0.76, 4.49) 0.176 1.46 (0.64, 3.33) 0.365
 Stress/abstinence 0.74 (0.37, 2.57) 0.952 2 (0.71, 5.66) 0.191 1.89 (0.68, 5.27) 0.222

Boldface type indicates statistical significance.

Unauthenticated | Downloaded 05/24/23 11:26 AM UTC



Dorner et al.

J Neurosurg Pediatr Volume 25 • March 2020222

peritoneal shunts), in comparison with infants without in-
tervention, also had significantly lower mean CAT DQs for 
corrected age when analyzed in a continuous fashion (66.8 
vs 112.5, p = 0.004). CAT DQs for corrected age were also 
associated with the NNNS NOR subscore, where a 1-SD 
increase in the NOR subscore was related to an increase 
in the odds of a CAT DQ < 85 for corrected age (OR 3.95, 
1.04–15.03, p = 0.044). The negative associations between 
CAT DQ corrected age and progressively higher NOR 
subscores and presence of cystic changes, PVHI, and neu-
rosurgical intervention is shown in Fig. 2.

Early Foundational Language Capute Scores
Corrected age CLAMS DQs < 85 were significantly 

associated only with the NNNS NOR subscore. For the 
corrected age Capute CLAMS DQ, a 1-SD increase in 
the NOR subscore increased odds of having a CLAMS 
DQ < 85 (OR 19.5, 95% CI 1.26–303, p = 0.034; Table 3). 
The negative linear association between CLAMS DQ for 
chronological age and progressively higher NOR z scores 
is shown in Fig. 3.

The odds of worse CLAMS scores at 3 or 6 months 
were not increased by neurosurgical intervention, mea-
surements of ventricular size, PVHI, cystic changes, or 
NNNS subscores.

Important Covariates
In our previous study, we noted that specific NNNS sub-

scores were associated with medical morbidities; namely, 
that infants with severe ROP had higher NNNS excit-
ability subscores and those with severe BPD had higher 
NNNS NOR and lower movement subscores.17 Here, in an 
analysis of a subsample of 21 participants with available 
developmental outcomes (i.e., MQ and Capute Scales re-
sults), BPD, NEC, and ROP were not related to corrected 
age MQs, CAT DQs, or CLAMS DQs. Grade of IVH us-
ing the Papile scoring system was also not related to CAT 
or CLAMS DQs < 85 or MQs < 50 for corrected age.

Discussion
Infants with IVH and those with PHVD and PHH are 

at risk for poor neurodevelopmental outcomes. We need 
to better understand the structural and functional rela-
tionships that are driving the deficits seen in follow-up. 
Early neurodevelopmental assessment provides evidence 
of functional impairment that can be interpreted alongside 
structural radiological markers of brain injury. Long-term 
follow-up continues to be important for understanding 
outcomes in this population. However, the initiation of fo-
cused therapeutic early interventions, as soon as or even 
before milestone delay is detected, has the potential to im-
prove functional outcomes after brain injury.19,36

In our present analysis of a small group of 21 preterm 
patients, we found that some measures of neurological 
findings on neonatal neurobehavioral examinations and 
brain injury on neuroimaging studies correlated with early 
motor milestone attainment, visual and problem-solving 
skills, and language skills. The NNNS NOR subscore cor-
related with all measures—motor milestone attainment, 
visual and problem-solving skills, and language. The 

FIG. 1. Associations between continuous corrected age MQ scores and 
NNNS NOR (A) and hypertonicity z scores (B) and AHW (C). Horizontal 
dotted line shows cutoff of 50 for MQ scores (MQs < 50 reflect moderate 
to severe delays in early motor milestone attainment).
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NNNS hypertonicity subscore was associated with mo-
tor milestone attainment only. Presence of white matter 
injury, in the form of either cystic changes or PVHI, corre-
lated with abnormal visual and problem-solving skills, as 
did need for neurosurgical intervention. Of particular note, 
only one ventricular size measure, AHW, was correlated 
with a 3–6-month developmental outcome, namely, motor 
milestone attainment.

Neonatal Neurobehavioral Exam Correlations With 
3–6-Month Outcomes

For prediction of early developmental outcomes at 3–6 
months, the neonatal NNNS NOR subscore was the only 
measure, among both radiological and neurological exam-
ination findings, that was correlated with all 3 outcomes: 
motor milestone attainment, visual and problem-solving 
abilities, and cognitive attainment. The NNNS hyperto-
nicity subscore was correlated with motor milestone at-
tainment alone.

The NNNS NOR subscore reflects neurological integ-
rity by quantifying the number of nonoptimal reflexes. 
The total number of nonoptimal reflexes might be more 
important than any single reflex,8 as the number gives a 
global sense of the infant’s neurological status. It logically 
follows that the number of nonoptimal reflexes in the neo-
natal period would correlate with pure motor milestone at-
tainment at 3–6 months, because the motor milestone de-
lays persisted over time. This finding has been replicated 
in previous studies in which higher percentages of early 
delay in gross motor milestone attainment had high speci-
ficity and positive predictive values for future CP.4

The number of nonoptimal reflexes also correlated with 
early visual and problem-solving measures. These mea-
sures in infants at 3–6 months include supporting the body 
on the forearms in a prone position at 3 months, manipu-
lating fingers and hands at midline and supporting self on 
wrists in a prone position at age 4 months, transferring an 
object between the hands at age 5 months, and lifting a 
cup and performing a radial rake (i.e., use of all fingers 

FIG. 2. Box-and-whiskers plots showing correlations between continuous corrected age Capute CAT scores and NNNS NOR z 
scores (A) and presence or absence of PVHI (B), cystic changes (C), and neurosurgical intervention (D). Horizontal dotted line 
shows the cutoff of 85 for CAT scores (CAT scores < 85 reflect delays in early visual and problem-solving abilities).
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to sweep an object toward the palm for grasping) at age 6 
months.1 These early visual and problem-solving skills are 
dependent on postural control, which depends on founda-
tional motor skills. Hence poor motor skills as measured 
by number of nonoptimal reflexes may be a precursor for 
poor postural control and subsequent poor visual tracking 
and visual-motor coordination.

Importantly, delayed postural control might result in 
missed opportunities for exploration and may increase 
risks for not only motor but also language, social, and cog-
nitive delays.6 Early foundational language skills assessed 
on the Capute CLAMS at 3 to 6 months include cooing at 
3 months, orienting to voice at 4 months, orienting to a bell 
at 5 months, and making “ah-goo” and “razzing” sounds 
and babbling at 6 months. An early inability to fixate on 
faces would impair sound and word learning and social 
interaction and then further impair joint development of 
attention, language, social-emotional, and cognitive skills.

The NNNS NOR subscore in this cohort was a neona-
tal marker of poor neurological integrity that correlated 
with sequelae of deficits in multiple domains dependent on 
those motor skills, including visual attention and early lan-
guage skills. By necessity, most standardized instruments 
of early cognitive and language development, including 
the Capute Scales, are greatly dependent on intact motor 
skills and speed of motor function. Reflex patterns require 
integration into later voluntary behavior to allow for devel-
opment of additional skills. For example, the palmar grasp 
reflex is present in the newborn period but quickly disap-
pears in the first 6 months of life to allow infants to release 
and then transfer objects, all required for object explora-
tion and later problem solving. The abnormal persistence 
of these neonatal reflexes has long been considered a sign 
of CNS dysfunction.11 It is a natural extension that abnor-
malities in this pattern, even in the neonatal period, would 
correlate not just with motor, but also with cognitive and 
behavioral outcomes.

Neonatal White Matter Injury (PVHI and Cystic Changes) 
Correlations With 3–6-Month Outcomes

In the present study of infants with PHVD and PHH, 
PVHI was associated with 9.2 times higher odds of abnor-
mal scores and cystic changes (PVL grades II–IV14) with 
12 times higher odds of abnormal scores (< 85) for visual 
and problem-solving skills (Capute CAT).

In this cohort of children with PHVD, 7 infants had 
both PVHI and cystic changes and 2 infants had only 
PVHI. Worse scores on visual and problem-solving skills 
in children with structural damage like PVHI and PVL 
may result from damage to crucial brain areas in both 
motor function and visual processing. Visual challenges, 
including cortical visual impairment, are also associated 
with severe cystic PVL23,26; these visual challenges may 
also account for lower CAT scores in this group as poor 
visual perception skills may affect the CAT items.

These poor 3–6-month CAT scores may function as 
precursors for later motor and cognitive developmental 
delays. Previous studies have shown higher rates of both 
gross motor and cognitive problems in infants with both 
PVHI and cystic changes/PVL. One study found an 80% 
prevalence of CP in a group of preterm infants with PVHI 
with shunts, but no cases of CP in those with grade III IVH 
with shunts and without PVHI.46 The rate of severe CP 
additionally increases with grade of PVL; although 10% 
of children with grade I PVL develop spastic diplegia by 
school age, the percentage increases to almost 50% in chil-
dren with cystic PVL.14 More than 50% of children with 
PVHI are diagnosed with intellectual disability at school 
age24 and are at higher risk for clinical and subclinical be-
havior problems.

In our cohort we did not find any 3–6-month Capute 
CLAMS language correlates of antecedent PVHI or cystic 
changes, but this correlation may become more obvious at 
later time points when the demands for language compre-
hension and expression become more substantial.

Ventricle Size and Later Neurodevelopmental Outcomes
None of the 3 ventricle size measures (V/B ratio, AHW, 

VI) were correlated with early visual and problem-solving 
scores or language on the Capute Scales. Only AHW was 
associated with early motor milestone attainment on MQs.

An increase in AHW has been suggested to be a more 
sensitive marker for early worsening of hydrocephalus and 
is seen clinically as rounding of the frontal horns. Both 
lower (> 6 mm) and higher (> 10 mm) AHW size cutoffs 
for surgical intervention have been used,15,30 but increases 
as small as 1 mm can lead to progressive decreases in 
motor scores at 2 years.28 Of note, nonoptimal reflexes 
as measured by the NOR subscore were correlated with 
ventricular size in the neonatal period,17 but on the Capute 
Scales only the reflexes subscore was associated with all 
3–6-month outcomes.

Neurosurgical Intervention and Later Neurodevelopmental 
Outcomes

Lastly, the need for neurosurgical intervention in the 
neonatal period was also associated with abnormal visual 
and problem-solving scores on the Capute Scales assess-

FIG. 3. Correlations between continuous corrected age Capute CLAMS 
scores and NNNS NOR z scores. Horizontal dotted line shows cutoff 
of 85 for CLAMS scores (CLAMS scores < 85 reflect delays in early 
language).
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ments. Infants with PHVD and PHH who require shunt 
placement are at greater risk for most adverse neurode-
velopmental outcomes than those with only PHVD.2,25 
Younger age at permanent shunt insertion is associated 
with a higher risk of subsequent procedures with their 
inherent morbidity,40 yet recent evidence suggests that a 
higher ventricle size threshold for intervention is associ-
ated with MRI evidence of a more severe degree of brain 
injury.13 More evidence is needed to delineate the role of 
neurosurgical intervention in early neonatal outcomes in 
PHH.

Limitations
There are limitations to the present study, namely 

small sample size and early infant outcome measurement. 
First, our sample size of 21 infants is small, but to our 
knowledge it is the largest of its kind for these infants 
with shunts and severe brain injury. As such, inclusion of 
all potential covariates was not feasible and we could not 
evaluate the cumulative impact of measured comorbidities 
on early Capute Scales and MQ scores. However, we did 
find that BPD, NEC, and ROP were not related to MQ, 
CAT, or CLAMS scores for corrected age in this cohort. 
Second, our outcomes were measured at 3–6 months of 
age. Although these outcomes are early, earlier outcome 
assessment provides an opportunity for deficit-specific 
early intervention. These assessments at 3–6 months us-
ing the Capute Scales function as the initial description 
of an infant’s developmental milestone trajectory; we will 
continue to follow these children longitudinally. Of note, 
however, early results for Capute Scales assessments have 
been shown to correlate with results for future Bayley II 
Scales of Infant Development.48 Lastly, the posterior fossa 
was assessed by MRI in only 14 of 21 patients. As such, 
the impact of cerebellar hemorrhage, hippocampal vol-
umes, and other important radiological correlates with 
later developmental outcomes44,50 could not be completely 
assessed.

Conclusions
This small study of preterm infants with PHVD and 

PHH found that neonatal neurobehavioral measures were 
more consistently associated with 3–6-month early motor 
milestone attainment, visual and problem-solving skills, 
and language skills than traditional radiological measures 
like neonatal white matter injury, ventricle size, or grade 
of IVH. We particularly chose this set of radiological pa-
rameters that are accessible in most clinical settings. This 
work strongly suggests that neonatal neurodevelopmental 
examinations are more important for estimation of risk for 
future deficits in infants with PHVD and PHH than radio-
logical assessments like ventricular size.

The combination of examinations with imaging has the 
promise to inform prompt intervention and counseling of 
families much earlier than is typical for these patients. Fu-
ture multisite studies with larger sample sizes can begin 
to address the creation of a novel composite evaluation to 
better stratify risk outcomes in the clinical setting. Finally, 
this work is part of a longitudinal study; as this population 
is at very high risk for neurodevelopmental disability, we 

plan to report follow-up beyond infancy to include specific 
neurodevelopmental disability diagnoses.
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