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Abstract

Objective—To characterize the delivery and postnatal neurodevelopmental outcomes of fetuses
referred for ventriculomegaly (VM).

Methods—Under an internal review board-approved protocol, pregnant women were referred for
magnetic resonance imaging (MRI) after sonographic diagnosis of VM and classified into one of
four diagnostic groups: Group 1, normal central nervous system (CNS); Group 2, isolated mild VMM
(10-12 mm); Group 3, isolated VM > 12 mm; and Group 4, other CNS findings. Pregnancy outcome
was obtained. Follow-up visits were offered with assessment of neurodevelopmental, adaptive and
neurological functioning at 6 months and 1 year and/or 2 years of age. Atrial diameter and VM group
differences in developmental outcomes were evaluated using repeated measures logistic regression
and Fishers exact test, respectively.

Results—Of 314 fetuses, 253 (81%) were liveborn and survived the neonatal period. Fetuses in
Groups 4 and 3 were less likely to progress to live delivery and to survive the neonatal period (60%
and 84%, respectively) than were those in Groups 2 or 1 (93% and 100%, respectively, P < 0.001).
Of the 143 fetuses followed postnatally, between 41% and 61% had a Bayley Scales of Infant
Development (BSID-I1) psychomotor developmental index score in the delayed range (< 85) at the
follow-up visits, whereas the BSID-11 mental developmental index and Vineland Adaptive Behavior
composite scores were generally in line with normative expectations. Among those that were
liveborn, neither VM group nor prenatal atrial diameter was related to postnatal developmental
outcome.

gorrespondence to: DrD. Levine, Department of Radiology, 330 Brookline Ave, Boston, MA 02215, USA (dlevine@bidmc.harvard.edu).
Dr Beeghly and Dr Ware are co-lead authors of this paper.
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Appendix S1 Scoring criteria for pediatric neurological examination at 6-month, 1-year and 2-year follow-up visits.
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Conclusions—Diagnostic category and degree of fetal VM based on ultrasound and MRI
measurements are associated with the incidence of live births and thus abnormal outcome. Among
those undergoing formal postnatal testing, VM grade is not associated with postnatal developmental
outcome, but motor functioning is more delayed than is cognitive or adaptive functioning.
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Introduction

Ventriculomegaly (VM), a non-specific dilatation of the lateral cerebral ventricles, is the most
common central nervous system (CNS) abnormality identified with prenatal imaging
techniques?. Counseling of patients is difficult because the cause and accurate prognosis cannot
be determined with confidence?~8. Studies (often retrospective) of postnatal outcomes indicate
that the clinical course and developmental sequelae of VM vary widely®=13. When a CNS
anomaly is detected on ultrasound screening, fetal magnetic resonance imaging (MRI) may
demonstrate additional findings that can alter patient counseling415. The goal of this
prospective study was to characterize the delivery and postnatal neurodevelopmental outcomes
of fetuses referred for MRI following suspicion on ultrasound of VM.

Patients and Methods

Study design

Analyses were based on longitudinal data collected in an ongoing prospective study performed
at Beth Israel Deaconess Medical Center and Children's Hospital, Boston, as part of a National
Institutes of Health-funded study investigating outcome of fetuses with VM. The study was
approved by each hospital's human subjects review board and was compliant with the Health
Insurance Portability and Accountability Act (HIPAA).

Patient enrolment and imaging

Pregnant women were referred for MRI after an ultrasound examination demonstrated fetal
VM, defined as ventricular size (measured at the atrium of the lateral ventricle) > 10 mm.
Inclusion criteria included referral for VM or an ultrasound examination at one of our
institutions demonstrating VM, and agreement to participate in the study. Patients were
excluded if review of medical records demonstrated that VM had never been present.

Prenatal imaging procedures as well as the prenatal diagnosis on imaging for the first 200
fetuses have been described elsewherel416. Atrial diameter (in mm) was obtained from the
median of three measurements of the larger ventricle, one from each of three obstetric
sonologists. The consensus prenatal diagnosis of the three obstetric sonologists and three
pediatric neuroradiologists on MRI was utilized for categorizing patients into four groups:
Group 1, normal; Group 2, isolated mild VM (measurement at level of atrium of 10-12 mm);
Group 3, VM > 12 mm without other CNS anomaly; and Group 4, any other CNS anomaly.
The ventricular measurement was taken from the ultrasound examination, except in two cases
with unilateral VM in which the larger ventricle was not well assessed on ultrasound due to
fetal position, and was better measured on MRI.

Karyotype analysis and screening for infection were performed at the discretion of the referring
physician and the patient. Chart reviews were performed to obtain these results.
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Postnatal follow-up

Parents were contacted regarding delivery information and invited to participate in postnatal
follow-up, for which there was a separate informed consent form. Consenting caregiver—infant
pairs participated in up to three follow-up visits when infants were 6 months, 1 year and 2 years
old. Each visit included a neurodevelopmental and a neurological evaluation. During the
neurodevelopmental assessment, one of three psychologists blinded to VM status evaluated
the infant's general cognitive and motor skills using Bayley Scales of Infant Development-
Second Edition (BSID-I1)17 and adaptive behavior using the Vineland Adaptive Behavior
Scales (VABS)18, Parents also updated demographic information and reported on their infant's
receipt of early intervention services. After a rest period, one of three pediatric neurologists,
with knowledge of the infant's prenatal diagnosis and medical records, evaluated their
neurological status.

Instrumentation

BSID-1117is an age-normalized assessment of infants' general cognitive and motor skills which
yields two standard scores (normal mean + SD score, 100 * 15): the Mental Developmental
Index (MDI) and the Psychomotor Developmental Index (PDI). VABS® is a semi-structured
parent interview that generates age-referenced standard scores (normal mean £ SD score, 100
+ 15) for four subdomains of adaptive behavior (communication, daily living skills,
socialization, and motor skills) and overall adaptive functioning, the Adaptive Behavior
Composite (ABC). For preterm infants (< 37 gestational weeks at delivery), BSID-11 and VABS
scores at each visit were adjusted for gestational age at birth!®. A cutoff of 85 was used to
denote normal versus delayed functioning.

For the pediatric neurology examination, infants were evaluated on 37 areas of neurological
functioning using a standard neurological exam (Appendix S1 online). We evaluated as a
dependent variable the number of infants exhibiting a normal or abnormal finding on each of
nine summary categories: head circumference, mental status, cranial nerves, hearing and
vision, strength, posture and tone, deep tendon reflexes, gait and primitive reflexes. Any
abnormal status with uncertain functional significance was noted for descriptive purposes.

The Hollingshead Four-Factor Index of Social Status2? was used to evaluate variations in
familial socioeconomic status (SES). The Hollingshead yields a compaosite score based on
parents' education and occupational status. Higher scores reflect higher SES.

Definition of abnormal outcome

For an overall assessment of abnormal/normal outcome, the abnormal group was defined in
two manners. The first included infants with any delayed or abnormal score, postnatal
exclusions due to syndromes, conditions or karyotypes associated with well-documented
developmental delays, and those with in-utero/neonatal demise (Table 1). The second
definition included infants with any of the aforementioned abnormal outcomes and also those
pregnancies that underwent elective termination.

Statistical analyses

The proportions of live and preterm births were compared across VM groups by Fisher's exact
test. Mean BSID-II and VABS scores were compared across VM groups using one-way
analysis of variance, separately for each visit. The (MDI — PDI) difference was analyzed
similarly, since initial evaluation showed poorer PDI than MDI performance. Trichotomized
neurodevelopmental scores (50-69, severely delayed; 70-84, mildly delayed; and > 85, within
normal limits) and neurological findings (normal, abnormal, abnormality with uncertain
functional significance) were compared across VM groups using Fisher's exact test for each
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visit separately. To assess the influence of atrial diameter, we excluded Group 4 infants because
ventricular size could not always be measured accurately due to other CNS abnormalities (e.g.
holoprosencephaly), and because the outcome would likely be affected more by the other
abnormalities than by ventricular size. Dichotomized neurodevelopmental and adaptive
behavioral scores (< 85 vs. > 85) and neurological findings (normal vs. abnormal, excluding
abnormalities with uncertain functional significance) were modeled on atrial diameter using
repeated-measures logistic regression, adjusting for: maternal age; gestational age at birth;
family SES; gestational age at imaging; and the differential between nominal and actual dates
of assessment.

To judge statistical significance for comparisons of each outcome among the four prenatal
diagnostic groups, we employed the Bonferroni-adjusted critical P-value of 0.05 divided by
the number of pre-planned comparisons among groups, which varied between one and four.
Tabulated analyses are presented with exact P-values (rather than tags indicating significant
vs. non-significant, or strength of significance). SAS software (version 9.1, SAS Inst. Inc.,
Cary, NC, USA) was used for all computations.

Between 1 July 2003 and 19 October 2007 enrolled into the study were 311 consecutive
pregnant women with 318 fetuses (six sets of twins and one woman with two consecutive
pregnancies). The mean + SD maternal age was 31 + 5 (range, 17-44) years, the gestational
age according to menstrual dates at the time of prenatal imaging was 26.0 £ 5.7 (range, 16.3-
41.0 weeks) and the gestational age according to ultrasound was 26.1 + 5.9 (range, 15.7-39.4)
weeks. One fetus was studied twice, but only the second MRI examination was used for data
analysis. Review of records showed that three fetuses never had VM, and these were excluded
from the study. One patient declined postnatal follow-up and was excluded. Thus our final
study sample comprised 307 women with 314 fetuses, 32 in Group 1 (normal), 133 in Group
2 (isolated VM, 10-12 mm), 32 in Group 3 (isolated VM, > 12 mm) and 117 in Group 4 (other
CNS findings) (Table 1). The prenatal diagnosis of associated CNS anomalies in Group 4 is
given in Table 2. The ventricular diameter, associated syndromes, karyotype abnormalities and
syndromes are given in Table 3.

Standardized neurological and psychological follow-up was obtained in 143 children, with 127
visits at 6 months, 122 visits at 1 year, and 79 visits at 2 years. These were performed between
14 April 2004 and 5 May 2009. There were 17 children with syndromes/findings known to be
associated with neurological sequelae who did not participate in formal study follow-up due
to being followed up elsewhere. These included children with trisomy 21 (n = 6), neural tube
defects (n = 5) and one of each of the following syndromes: Apert syndrome with agenesis of
the corpus callosum, Fanconi's anemia with closed external auditory canals and deafness,
propionic acidemia with agenesis of the corpus callosum, Zellweger syndrome with
polymicrogyria, chromosome 13q interstitial deletion with global developmental delay and
sensorineural hearing loss, and pseudotrisomy 13. Therefore, postnatal outcome was available
for 221 fetuses (143 with standardized follow-up exams, 17 with syndromes, conditions or
karyotypes associated with well-documented developmental delays or abnormal neurological
findings who were followed up elsewhere, four neonatal demises and 57 terminations,
stillbirths or spontaneous pregnancy losses).

There was a significant decline from Group 1 to Group 4 in the percentage of live births with
survival beyond the neonatal period (Groups 1-4, respectively, having 100%, 93%, 84% and
60% survival (P < 0.001)).

Ultrasound Obstet Gynecol. Author manuscript; available in PMC 2011 April 1.
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Sample characteristics

Regarding participants in the standardized neurodevelopmental follow-up, there were no
differences between VM groups with respect to infant's gender, race, ethnicity, age at
assessment, mother's marital status or parental education (Table 4). Of the infants participating
in follow-up, 16% were born preterm. VM group was not associated with the proportion of
preterm vs. term births (P = 0.53) or mean gestational age at delivery (mean + SD, 38.2 £ 2.3,
P =0.77). Early intervention services were applied to 42% of infants, and infants in Group 4
were more likely to receive early intervention than were infants in the other groups (65% for
Group 4 and 31-40% for the others, P = 0.02).

Neurodevelopmental and adaptive behavioral outcomes

Of the 143 neonates with formal postnatal follow-up, 29 were normal on all examinations and
114 were abnormal at at least one point in time. VM group was not associated with cognitive
functioning as measured by BSID-11 MDI at any of the three postnatal visits (Table 5). Although
average MDI scores in each group were within normal limits for age (> 85), individual scores
ranged from severely or mildly delayed to within normal limits at each visit.

Motor functioning as measured by BSID-I1 PDI scores varied significantly across VM groups
at the 1-year examination, with average scores being higher in cases of isolated VM (Groups
2 and 3) than in the other groups (P = 0.01), but there were no statistically significant differences
among groups at the 6-month or 2-year examinations. Individual PDI scores in each VM group
ranged from severely delayed to within normal limits at each visit. Infants were more delayed
in motor than in mental functioning (Figure 1). The magnitude of cognitive—motor difference
did not vary among VM groups (Table 5). VM group was not associated with infants' adaptive
functioning as measured by the VABS ABC at any visit (Table 5).

We also examined the neurodevelopmental and adaptive behavioral outcomes as categorical
variables, distinguishing three ranges of standard score: 60-69, 70-84 and > 85 (Table 6). The
distribution of BSID-I11 MDI and VABS ABC scores was generally in line with normative
expectations. However, a higher percentage of infants had a PDI score in the delayed range (<
85) at each visit (45% at the 6-month visit, 53% at the 1-year visit, and 40% at the 2-year visit)
than one would expect based on a normal distribution (15.8%). As for the continuous scores,
only the 1-year PDI showed a significant difference across diagnostic groups, with a higher
percentage in the normal range (> 85) for isolated VM (Groups 2 and 3) than for the normal
group (Group 1) or the group with additional CNS findings (Group 4). Otherwise, VM group
was not associated with the trichotomized BSID-11 MDI, BSID-11 PDI or VABS ABC scores.

Postnatal neurological status

Head circumference was abnormal in 22%, 24% and 26% of infants across groups at 6-month,
1-year and 2-year follow-up visits, respectively (Table 7), while at these same time points
mental status was abnormal in 6-8%, cranial nerve testing in 4-8% and strength in 1-2% of
infants across groups. At 6-month, 1-year and 2-year follow-up visits there were abnormalities
of uncertain functional importance of the cranial nerves in 6-10% of infants, of hearing and
vision in 0-1% of infants and of strength in 8-12% of infants. VM diagnostic group was not
significantly associated with head circumference, mental status, cranial nerve testing, hearing
and vision or strength testing (Table 7). However, abnormalities of uncertain functional
importance were more common in Group 4 strength testing at each visit.

Posture and tone were abnormal in 10-15% of infants at the different time points, with infants
in Group 4 exhibiting more abnormal posture and tone at each visit (33% at 6 months, P =

0.003; 32% at 1 year, P <0.001; 29% at 2 years, P = 0.018). There was a higher percentage of
infants at the 1-year visit in Group 4 (39%) and Group 3 (20%) with abnormal gait compared
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with those in Group 1 (7%) or Group 2 (4%, P < 0.001). This difference between groups had
resolved by the 2-year visit. There was also a higher percentage of infants at the 1-year visit
in Group 4 with abnormal primitive reflexes (16%, P = 0.004) than in the other groups.

Atrial diameter

There was a mild and non-significant association (P = 0.12) between larger atrial diameter and
abnormal outcome as shown by the odds ratio of 1.14 per 1-mm increment (95% CI, 0.97-
1.34, Table 8). When elective terminations were excluded from the abnormal outcome group,
the association was attenuated (odds ratio 1.04 per 1-mm increment; 95% ClI, 0.87-1.24, P =
0.66). Among fetuses that were liveborn and enrolled in postnatal follow-up, atrial diameter
was not associated with BSID-11 MDI, PDI, VABS ABC scores, neurological findings or
composite abnormal/normal status (Table 8).

Discussion

It is generally agreed that infants with mild isolated VM have more favorable outcomes than
do those with more severe ventricular dilatation or VM with additional CNS anomalies®:8:13:
21,22 some have suggested that mild isolated VM (10-12 mm) that resolves spontaneously
may represent a normal variant®:21:23, Yet, overall, the literature suggests that the degree of
VM in fetal or neonatal imaging is not associated with outcome in a simple or consistent
way13:24 Our findings are in accord with this concept. Fetuses with larger degrees of VM
and those with associated abnormalities were less likely to proceed to a live birth with survival
beyond the neonatal period. However, once born and participating in follow-up, infants in each
group had a similar range of outcomes on measures of mental and adaptive function. Associated
CNS anomalies were correlated at 6 months and 1 year with abnormal findings on neurological
exam, including abnormal posture and tone, abnormal deep tendon and primitive reflexes and
abnormal gait (at 1 year); however, only the differences in posture and tone persisted until 2
years of age.

Of interest were our contrasting findings between the infants' MDI and PDI scores across
groups. Whereas MDI scores were typically in the normal range, only 47-60% of PDI scores
were. Corroborating retrospective findings by Ouahba et al.11, these results further suggest
that infants referred for fetal VM are at increased risk for neuromotor delays, regardless of the
severity of isolated VM or the presence of associated CNS abnormalities.

The regression results corroborate the general lack of significant findings for VM grade and
postnatal neurodevelopmental outcome, once the infant has survived the neonatal period.
Adjusting for covariates, atrial diameter was not associated with low BSID-I1 mental or motor
scores, low VABS adaptive behavior or the presence of neurological abnormalities at any visit.
Prenatal measures of atrial size may thus be of limited prognostic utility for predicting the
postnatal neurodevelopmental outcome of infants referred for VM prenatally, at least until the
age of 2 years.

Prenatal imaging diagnosis is the basis for counseling parents whose fetuses have been referred
for VM, and when postnatal imaging or autopsy is not available, it is also used for counseling
regarding the risk of recurrence in future pregnancies. Yet it is well recognized that
measurement variability can be a factor in the accuracy of prenatal diagnosis?®:2%. It is likely
that some fetuses in our ‘normal’ group actually had VM that resolved or had borderline VM
but, by consensus, were not diagnosed®. Because anomalies associated with VM are not
always detected during routine prenatal ultrasound screening, Lee et al.? urge physicians to
exercise caution in giving a prognosis for fetal VM, even when ultrasound indicates that the
VM is mild and isolated. Part of the difficulty in giving an accurate prognosis of outcome in
this population may also stem from methodological problems in cohort studies. For instance,

Ultrasound Obstet Gynecol. Author manuscript; available in PMC 2011 April 1.
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the use of retrospective studies, small heterogeneous samples and inconsistent imaging and
follow-up methods have likely contributed to variable results. We attempted to overcome some
of these difficulties by using a prospective design, state-of-the-art prenatal ultrasound and MRI
techniques, and longitudinal evaluation of multiple neurodevelopmental outcomes.

Our study has several limitations. The first is attrition. Among our fetal population, 81% were
liveborn surviving the neonatal period, with lower survival among fetuses with isolated VM
(> 12 mm) and those with other CNS anomalies. Postnatal attrition also occurred in the normal
and mild isolated VM groups. Several parents felt their child was normal and thus did not enroll
for postnatal follow-up. This attrition may have skewed our follow-up towards preferential
assessment of those neonates from the normal/mild VM groups in whom the parents had
perceived that a developmental issue might be present. There may also have been insufficient
statistical power to detect subtle VM-related effects.

Another limitation is that there is currently no reference standard for prenatal imaging
diagnosis, and our imaging was performed at a mean of 26 weeks' gestation (with some studies
as early as 16 weeks). We used the opinion of the ultrasound/MRI consensus conference as
our final diagnosis. This reference standard of imaging concordance has been used by
others27=29, While more information from imaging would be available at later gestational ages,
we felt it reasonable to use diagnosis at the earliest ultrasound/MRI assessment since the
purpose of this study was to obtain data to better counsel patients at the time of presentation
with VM.

A third potential limitation is referral bias. Mild VM cases that have normal-looking brains on
careful ultrasound examination may not be referred. Another limitation in this cohort is the
complexity of diagnoses outside the CNS; we did not, for example, assess the impact of cardiac
abnormalities.

A final limitation is the lack of assessment of the caregiving environment. Parenting style and
quality of the home environment may exert a stronger impact on children's functioning than
do environmental measures such as SES39:31, Moreover, most participants in our sample were
working to upper middle class, which may limit generalizability to low-income samples.
Moreover, early intervention was skewed towards infants with greater degrees of VM and other
CNS problems, which could have attenuated VM effects on our outcomes32, since early
intervention has been shown to maximize developmental potential in infants at risk for
developmental problems33:34,

In conclusion, our results suggest that when based on ultrasound and MRI measurements made
at a single prenatal assessment, VM diagnostic category and degree of VM are associated with
the incidence of live birth and survival beyond the neonatal period. Among liveborns who
participated in neurodevelopmental and neurological testing, motor outcomes were more
severely affected than were cognitive or adaptive outcomes; however, neither VM group nor
prenatal atrial diameter was associated consistently with postnatal developmental outcome.
Prenatal counseling should indicate that fetal VM is associated with heterogeneous
developmental outcomes, with increased risk for mild neuromotor delays, even if the sonogram
and MRI study appear normal at the time of referral for prenatal MRI. Further follow-up of
this cohort to older ages is warranted, since many functional domains potentially linked to fetal
VM cannot be assessed reliably during infancy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Bayley Scales of Infant Development (BSID-I1): Psychomotor Developmental Index (PDI)
versus Mental Developmental Index (MDI) at the 6-month (x), 1-year (o) and 2-year (+) visits.
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Prenatal diagnosis of additional central nervous system (CNS) anomalies in 117 fetuses with CNS findings other
than ventriculomegaly (Group 4)

Atrial diameter (mm)

Diagnosis (final consensus) n Mean+SD Min-Max
Dysgenesis of corpus callosum 41 145%58 8-42
Cerebellar hypoplasia 18 14342 10-24
Spinal neural tube defect 17 149+6.7 9-37
Hemorrhage 17 17.9+8.0 7-42
Chiari malformation 16 144x65 9-37
Defect of septum pellucidum 16 19.4+86 10-37
Porencephaly 16 255+94 10-42
Cyst 13 128+3.6 9-20
Polymicrogyria, lissencephaly 12 13.3+38 10-23
Dandy-Walker variant/ malformation 9 126%20 10-17
Congenital infarction 8 206%89 12-39
Heterotopias 5 142+40 10-20
Holoprosencephaly 4 213+145 12-38
Megacisterna magna 3 123%32 10-16
Schizencephaly 3 140+10 13-15
Micrencephaly 2 165+9.2 10-23
Encephalocele 2 18.0+85 12-24
Abnormal midbrain/thalamus 1 140 —
Craniosynostosis 1 110 —
Periventricular leukomalacia 1 220 —
Tumor 1 250 —
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