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Abstract
Background—Many psychiatric and neurodevelopmental disorders are associated with mild
enlargement of the lateral ventricles thought to have origins in prenatal brain development. Little is
known about development of the lateral ventricles and the relationship of prenatal lateral ventricle
enlargement with postnatal brain development.

Methods—We performed a neonatal MRI on 34 children with isolated mild ventriculomegaly
(MVM, width of the atrium of the lateral ventricle ≥ 1.0 cm) on prenatal ultrasound and 34 age and
gender matched controls with normal prenatal ventricle size. Lateral ventricle and cortical gray and
white matter volumes were assessed. Fractional anisotropy (FA) and mean diffusivity (MD) in corpus
callosum and cortico-spinal white matter tracts were determined obtained using quantitative
tractography.

Results—Neonates with prenatal MVM had significantly larger lateral ventricle volumes than
matched controls (286.4%; p < 0.0001). Neonates with MVM also had significantly larger intracranial
volumes (ICV; 7.1%, p = 0.0063) and cortical gray matter volumes (10.9%, p = 0.0004) compared
to controls. DTI tractography revealed a significantly greater MD in the corpus callosum and cortico-
spinal tracts, while FA was significantly smaller in several white matter tract regions.
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Conclusions—Prenatal enlargement of the lateral ventricle is associated with enlargement of the
lateral ventricles after birth, as well as greater gray matter volumes and delayed or abnormal
maturation of white matter. It is suggested that prenatal ventricle volume is an early structural marker
of altered development of the cerebral cortex and may be marker of risk for neuropsychiatric disorders
associated with ventricle enlargement.
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Introduction
Mild enlargement of the lateral ventricles is a structural brain abnormality observed in
neuropsychiatric disorders that are thought to be the result of abnormal prenatal brain
development, including schizophrenia (1, 2), autism (3), and attention-deficit/hyperactivity
disorder(4, 5). We have proposed that prenatal ultrasound can be used to detect structural brain
abnormalities in the developing brain, including enlarged lateral ventricles, associated with
these neurodevelopmental disorders (6). A recent retrospective study has found some evidence
of prenatal lateral ventricle enlargement in children at high risk for schizophrenia (7); another
retrospective study found no enlargement of fetal head circumference on prenatal ultrasound
in children with autism (8).

Routine clinical prenatal ultrasound typically assesses the width of the atrium of the lateral
ventricle. The average normal width for the atrium of the fetal lateral ventricle is approximately
0.76 cm, and most studies find that while brain size increases, ventricle width is stable during
the second and third trimesters (9–13). A magnetic resonance imaging (MRI) study of
postmortem fetal brains found that lateral ventricle volume increased until 20 weeks gestational
age and was stable or declined thereafter (14), consistent with ultrasound studies.

Enlargement of the lateral cerebral ventricles in the fetus has been associated with a variety of
pediatric brain disorders including progressive hydrocephalus, gray matter migration
abnormalities, agenesis of the corpus collosum, trisomies, and microcephaly (15–19). Mildly
enlarged ventricles in the fetus in the absence of other central nervous system abnormalities is
designated isolated mild ventriculomegaly (MVM), and is typically defined as a width of the
atrium of the lateral ventricle of 1.0–1.5 cm (20–22). Isolated MVM is observed in up to 0.7%
of pregnancies (21, 22), and is associated with developmental delays and other abnormal
neurodevelopmental outcomes (16–19,23–27). One longer-term follow-up of several cases of
prenatal MVM at 6–9 years of age found autism, ADHD and learning disabilities (28). Little
is known about the causes of isolated MVM, though it is associated with older maternal age
and lower gestational age at birth (6), and high levels of interferon-α in the cord blood indicating
prenatal exposure to infection (29), each of which in turn is associated with higher risk for
neurodevelopmental disorders.

We hypothesize that fetal isolated MVM observed on prenatal ultrasound is a structural marker
of altered brain development that is ultimately associated with high risk for neuropsychiatric
and neurodevelopmental disorders associated with enlargement of the lateral ventricles. Little
is known about postnatal brain development in children with prenatal MVM. Using MRI,
including diffusion tensor imaging (DTI), we compared neonatal brain structure in children
with prenatal MVM and age and gender matched controls. We hypothesized that children with
MVM would continue to have enlargement of the lateral ventricles as neonates, as well as
associated alterations of cortical gray and white matter development.
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Methods
Subjects

This study was approved by the Institutional Review Board of the University of North Carolina
(UNC) School of Medicine and Duke University Medical Center (DUMC). Subjects with
isolated MVM (atrial width 1.0 cm or greater) or normal lateral ventricle size (less than 1.0
cm) identified on routine clinical prenatal screening ultrasound were recruited in the second
trimester of pregnancy from the prenatal diagnostic clinics of UNC Hospitals and DUMC.
Recruitment exclusion criteria for controls included abnormalities on ultrasound, major
medical illness or pregnancy complication, or psychotic disorder in mother. Singleton and twin
subjects with MVM and matched controls who had T1, T2/PD scans that were free of major
motion were included in this analysis (n=37/group). 20 of these subject/control pairs also had
motion free DTI scans. Controls were matched pairwise on the basis of gender, status as a
singleton or twin, maternal age, gestational age at birth, age at MRI, and maternal ethnicity.
Exclusion criteria for this analysis included premature birth (gestational age < 33 weeks), major
perinatal complications (asphyxia, seizure, sepsis, pneumonia, stay in neonatal ICU > 24 hours)
or abnormality on MRI other than small subdural hematoma. 15 subjects (7 MVM, 8 controls)
had incidental intracranial bleeds on MRI, which are present in about 25% of neonates after
vaginal delivery (30).

Prenatal Ultrasound
Ultrasound scans obtained at approximately 22 and 32 weeks gestational age were performed
by trained study ultrasonographers. At UNC prenatal ultrasounds were done on an ATL 5000
(Philips, Andover MA) and Voluson Expert (General Electric, Waukesha, WI), on a GE
Voluson Expert at DUMC. Ventricle width was determined at the atrium of the lateral ventricle
at the tail of the choroid, measuring from inner wall to inner wall (31). The width was measured
twice and averaged for each visit; both the ventricle nearest and farthest from the transducer
were measured when possible. Prior studies have shown good inter-rater reliability for atrial
width measures (32). In our study, the intraclass correlation (Shourt-Fleiss) of the first and
second measures of width of the far atrium was 0.9820 at 22 week ultrasound and 0.9905 at
32 weeks ultrasound.

MR Image Acquisition
Images were acquired on a Siemens head-only 3 T scanner (Allegra, Siemens Medical System,
Erlangen, Germany). Neonates were scanned unsedated while asleep and were fed prior to
scanning, swaddled, fitted with ear protection and had their heads secured in a vacuum-fixation
device. A physician or nurse was present during each scan; a pulse oximeter was used to monitor
heart rate and oxygen saturation. T1-weighted structural pulse sequences were a 3D T1-
weighted FLASH (TR/TE/Flip Angle 15/7msec/25°) in the initial phase of the study (n=11),
then a 3D magnetization prepared rapid gradient echo (MP-RAGE TR/TI/TE/Flip Angle
1820/400/4.38ms/7°, n=57). Proton density and T2 weighted images were obtained with a turbo
spin echo sequence (TSE TR/TE1/TE2/Flip Angle 6200/20/119ms/150°). Spatial resolution
was 1 × 1 × 1mm voxel for T1 weighted images, 1.25 × 1.25 × 1.5mm voxel with 0.5 mm
interslice gap for proton density/T2 weighted images. We have previously confirmed that the
scan sequences did not cause significant temperature increases with a phantom (33).

A single shot echo planar SE DTI imaging sequence was used with the following parameters:
repetition time (TR) = 5200 ms; echo time (TE) = 73 ms; TH = 2 mm; inplane resolution =
2×2 mm2, and 45 slices. Seven images are acquired for each slice, one without diffusion
gradient (b=0) while the remaining six with b=1000s/mm2 and diffusion gradients along

, separately. In order to improve signal-to-noise ratio (SNR) for the DTI images, five separate
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sets of images with 2 averages in each set were acquired. This approach shortens data
acquisition time (1.18 minutes/set) and minimizes motion artifacts.

Segmentation and Lobe Parcellation Analysis
Brain tissue was automatically classified as gray matter, non-myelinated white matter,
myelinated white matter and cerebrospinal fluid using an atlas-moderated iterative expectation
maximization segmentation algorithm as previously described (34,35). Parcellation of the
cortex into anatomical regions (frontal, prefrontal, parietal, and occipital) was achieved by non-
linear warping of a parcellation atlas template as previously described (35). Left and right
hemispheres were subdivided into four regions along the anterior-posterior axis (pre-frontal,
frontal, parietal, occipital) and into infra- and supratentorial regions. The cerebellum, brainstem
and combined sets of subcortical structures are represented separately.

The volume of the lateral ventricles was segmented with a user-supervised, highly automated
level-set evolution tool, itkSNAP (36). Left and right lateral ventricles are separated by a 3D
cutting tool. Intracranial volume (ICV) was the sum of the automatic full brain segmentation
results for gray, white and CSF (ventricles and subarachnoid space) volumes.

Diffusion Tensor Analysis
Each individual directional gradient image was screened offline for motion artifacts using an
automatic DTI quality control tool (DTIchecker) that calculates an average of the 5 repeated
sequences after correction for motion and removal of outliers (37). Quantitative analysis of
fiber tracts was accomplished using a set of tools for computation of fractional anisotropy (FA)
and mean diffusivity (MD) maps, quantitative tractography, fiber clustering and
parametrization as previously described (37, 38). Tracts are initialized by drawing source and
target regions of interest on FA images. The fiber tracking tool (FiberViewer; software
download at http://www.ia.unc.edu/dev) reads the set of diffusion image channels, calculates
the tensor field, reads the region of interest image, and performs the tracking. The resulting
sets of streamlines are stored as list of polylines which carry the full tensor information at each
location. Cross-sectional regions of interest were defined in the cortical and central regions of
the genu and splenium of the corpus callosum and in the left and right cortico-spinal tracts as
previously described (37). Supplemental Figure 1 presents a representative FA map in an MVM
subject and regions of analysis in the specific white mater tracts.

Statistical Analysis
For cross-sectional analysis of demographic characteristics between two groups, two sample
t-tests for continuous variables and Fisher Exact tests for categorical variables were used. All
statistical hypothesis tests were conducted for all children with MVM and age and gender
matched controls, and repeated separately for each subgroup of MVM with matched controls
for secondary analysis. For all comparisons between children with MVM and age and gender
matched controls, analysis of variance (ANOVA) or analysis of covariance (ANCOVA) with
matched-pair as blocks was used to control the effect of between-pair variation. To examine
the relationship of maximal and oldest lateral prenatal ventricle widths to the postnatal ventricle
volume, we correlated linearly maximal and oldest lateral prenatal ventricle width with
postnatal ventricle volume. Analyses of correlation are repeated separately for the MVM and
matched normal control groups using Pearson correlation coefficients. For general differences
in location along genu, splenium, and left and right corticospinal tract, we fit mixed models
with region as the within-subject variable of interest without any other covariates. ANOVA
with matched-pair as blocks were used for comparison in specific locations between two
groups. For postnatal segmentation, we use ANOVA with matched-pair as blocks, and
ANCOVA with matched-pair as blocks and ICV as a continuous predictor. In this model, we
examined differences in slopes between children with MVM and matched controls. All
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statistical hypothesis tests are conducted at a significance level of 0.05. There were no
corrections for multiple comparisons and as such, all findings should be considered
exploratory, hypothesis generating, and in need of replication.

Results
Demographic information and other descriptive statistics are presented in Table 1. There were
no significant differences in birth weight, gestational age at birth, or age at MRI between the
MVM and control groups. As expected, children in the MVM group had significantly larger
prenatal maximum lateral ventricle width (maximum width on any prenatal ultrasound scan;
p < 0.0001; Figure 1). 2 MVM subjects and 2 controls had a positive family history of
schizophrenia. None of the subjects or controls had a family history of autism.

Children with prenatal MVM had significantly larger lateral ventricle volumes on neonatal
MRI (295% larger, p < 0.0001; Figure 1), even when controlling for ICV (p < 0.0001). The
difference was remained significant even when excluding the two outliers (greater than 3 SD
above the mean) in the MVM group (p<0.0001). Figure 2 presents representative scans of the
lateral ventricles MVM cases. Children with prenatal MVM had significantly larger
intracranial volumes (ICV) than controls (7.1%, p = 0.0063; Table 2) and subcortical gray
matter volumes (8.3%, p = 0.0298: Table 2). There was no significant difference in the volume
of the cerebellum (p = 0.8184) between groups.

There was a significant correlation between the prenatal maximum lateral ventricle width on
ultrasound and neonatal lateral ventricle volume on MRI for both the normal control (Pearson
r = 0.3563; p = 0.0386) and the MVM groups (Pearson r = 0.7482, p < 0.0001; Figure 3), with
larger prenatal ventricle widths predicting larger neonatal ventricle volumes.

Children with prenatal MVM had significantly larger cortical gray matter volumes than
controls (10.89%, p = 0.0004; Table 2), even excluding the two outliers with very large lateral
ventricle volumes (p = 0.0015). This greater gray matter volume was observed in each sub-
region of the cerebral cortex – prefrontal (12.3%), frontal (9.1%), parietal (9.1%) and occipital
(12.8%). This enlargement was observed in both males [LS means squared ± SE; MVM:
221,209 (4374); Control: 199,432 (4374); p = 0.0017] and females [MVM: 212,480 (8552);
Control: 191,751 (8552); p = 0.1303]. Finally, the MVM group had a significantly larger
cortical gray matter/white ratio compared to controls [LS means squared ± SE; MVM: 1.39
(0.02); Control: 1.30 (0.02.); p = 0.0098]. This pattern was observed in both males [MVM:
1.38 (0.2); Control: 1.29 (0.02.); p = 0.0015] and females [MVM: 1.40 (0.07); Control: 1.33
(0.07.); p = 0.5460].

A comparison of the relationship between ICV and cortical gray matter volume revealed a
significant difference in slopes (homogeneity of slopes, F = 13.15 (1, 31); p = 0.0010) with
MVM cases overall having larger gray matter volumes than controls at larger ICVs (Figure 4).
Cortical white matter volumes were not significantly different between the MVM and control
groups (p = 0.1449; Table 2); there were however, significant differences in the relationship
between ICV and hemispheric white matter were present (homogeneity of slopes, F = 7.04 (1,
31); p = 0.0125), with MVM cases overall having smaller white matter volumes than controls
at higher ICVs (Figure 4).

Quantitative tractography revealed significantly larger mean diffusivity (MD) values in all but
one region of interest in the MVM cases (Table 3). Fractional anisotropy (FA) was significantly
smaller in several regions of interest, including the central region of the splenium (Table 4).
Analysis of axial (λ1) and radial ([λ2 +λ3]/2) diffusivities, where the λ’s represent tensor
eigenvalues sorted by magnitude, better explains the general pattern as seen in MD
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([λ1+λ2+λ3]/3). MVM subjects generally had higher values than controls for diffusions along
and also perpendicular to the axis of fiber bundles (Supplemental Tables 1 and 2).

Because neonates with prenatal MVM had significantly more cortical gray matter than controls,
we explored the relationship between lateral ventricle volume and cortical gray and white
matter. There was a significant correlation between the neonatal lateral ventricle volume and
larger cortical gray matter volume in both the normal control (Pearson r = 0.3539; p = 0.0400)
and the MVM groups (Pearson r = 0.5617, p = 0.0005; Figure 5). There was a significant
correlation between lateral ventricle volume and cortical white matter volume in the normal
controls (Pearson r = 0.3794; p = 0.0269), but not in the MVM group (Pearson r = 0.0892, p
= 0.6160; Figure 5).

In a secondary analysis, the MVM group was divided into a group with persistent MVM on
the last ultrasound (n = 15) and a group that “normalized” or had ventricle widths below 1.0
cm on the last ultrasound (n = 15). 4 MVM subjects had only one prenatal ultrasound and were
excluded from this analysis. For the persistent MVM group, the atrial width of the far ventricle
on the last ultrasound was significantly greater than matched controls [LS means squared ±
SE; 0.97 ± 0.07 cm vs. 0.48 ± 0.07 cm; 24.92 (1, 14), p = 0.0002]. The normalized group also
had prenatal ventricle widths greater than the matched controls, though within the normal range
[0.71 ± 0.04 cm vs. 0.45 ± 0.04 cm; 18.75 (1, 13), p = 0.0008]. Lateral ventricle volumes were
significantly larger than matched controls in both the persistent (8707 ± 1122 mm3 vs. 1924 ±
1122 mm3; p = 0.0008) and normalized (4032 ± 401 mm3 vs. 1532 ± 401 mm3; p = 0.0006)
MVM subgroups. The normalized MVM group also had larger ICV and cortical gray matter
volumes than matched controls, though this was not statistically significant (data not shown).
Finally, the normalized MVM group demonstrated the same overall pattern of greater MD and
smaller FA in most of the white matter tract regions of interest; this difference was statistically
significant in several regions (data not shown).

Discussion
We found that prenatal isolated MVM is associated with significantly enlarged lateral
ventricles on postnatal MRI, indicating enlargement of the lateral ventricles detected in the
second trimester persists at least through neonatal brain development. In addition to enlarged
lateral ventricles, neonates with prenatal MVM had greater cortical gray matter volumes and
evidence of reduced cortical white matter volumes. Finally, quantitative DTI tractography
revealed larger MD and radial diffusivity, and reduced FA in developing corpus callosum and
cortico-spinal tracts. These findings indicate that prenatal MVM is a marker of altered cortical
development in the neonatal period.

Neonatal lateral ventricle volume was highly correlated with prenatal lateral ventricle width,
indicating that relative lateral ventricle size is conserved throughout the second half of prenatal
brain development into the neonatal period. Even cases in which the lateral ventricle width
“normalized” or fell below 1.0 cm width on later ultrasounds had significantly enlarged lateral
ventricles compared to controls. In a case series, we have previously found that fetal lateral
ventricle enlargement can persist until ages 6–9 years in some cases (6). Therefore, it appears
that prenatal lateral ventricle structure is conserved well into childhood and may serve as a
prenatal marker of altered childhood brain development. Bloom et al. (27) found a significant
linear relationship between prenatal ventricle width and decreased mental development index
of the Bayley Scales of Infant Development at a mean age of 21 months, evidence that prenatal
ventricle structure can be predictive of postnatal neurocognitive development.

Interestingly, prenatal isolated MVM was associated with greater cortical gray matter volume
in the neonatal period and larger lateral ventricle volume was associated with larger cortical

Gilmore et al. Page 6

Biol Psychiatry. Author manuscript; available in PMC 2009 December 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



gray matter volumes in both the control and MVM groups. Cortical neurogenesis occurs in the
ventricular and subventricular zones of the developing human brain (39, 40), and it has been
proposed that the evolutionary enlargement of the cortex in humans is related in part to
expanded lateral ventricle size and increased numbers of neuronal progenitor cells (41). It is
possible that a larger lateral ventricle would have a greater volume of ventricular and
subventricular zone proliferating cells associated with it, giving rise to more gray matter, as
the lateral ventricle enlargement observed in MVM is present before many of the neurons of
the cortex are formed (42). Because the skull is developing and not closed during this period,
any enlargement of the lateral ventricle and cortical gray matter would be accommodated by
an enlarging skull. There was no difference in cerebellum volume between groups, indicating
that enlargement in the MVM cases was not generalized throughout the brain. There is also
evidence that the flow of cerebrospinal fluid within the lateral ventricle influences migration
of neuroblasts to the olfactory bulb in mice (43). An abnormally enlarged lateral ventricle could
potentially have abnormal CSF flow altering migration of neurons and cortical development.

Autism has been associated with increased cortical gray and white matter volumes; this
increased growth appears to occur in the first year or two of life (44, 45). Increased lateral
ventricle volumes have been observed in autism (3), and it is temping to speculate that enlarged
lateral ventricles could possibly give rise to enlarged gray matter volumes in some forms of
autism. There is enormous growth of gray matter, and a less robust growth of white matter in
the first two years of life in normal children (46); it will be important to determine if increased
lateral ventricle size is associated with increased cortical gray matter development in the first
two years of life. We are obtaining follow-up MRIs at ages one and two years in this cohort
and hope to address this question. Other disorders of neurodevelopment have been also
associated with increased regional or global cortical gray matter volumes, including
neurofibromatosis (47), prematurity (48), ADHD (49–51) and cleft lip/palate (52).

There was a difference in the correlations between lateral ventricle volume and cortical white
matter volume in the MVM and control groups, to the extent the correlation in controls reflects
normal development, this difference suggests MVM cases have altered cortical white matter
development. In general, mean diffusivity decreases with age and fractional anisotropy
increases with age in the neonatal period (37, 53,54), presumably reflecting increasing
organization and myelination of white matter tracts. Radial diffusivity decreases with
increasing myelin development in the rodent corpus callosum(55). In the human neonatal
period, MD appears to be more sensitive to changes in myelination than FA (37). The overall
smaller white matter volume, along with greater MD, greater radial diffusivity, and smaller
FA observed in infants with MVM suggests either that there is a temporal lag in white matter
development, or that white matter is abnormal. Longer-term follow-up studies will need to be
done to differentiate these possibilities.

The definition of mild ventriculomegaly has been debated in the literature (56, 57). An atrial
width of 1.0 cm on prenatal ultrasound is 3–4 standard deviations from the mean 20. Outcome
studies indicate that atrial widths of 1.2 cm or greater are more often associated with an
unfavorable outcome than widths of 1.0–1.2 cm (24–26), and it has been argued that widths
between 1.0 and 1.2 cm should be considered normal (58). The mean maxiumum lateral
ventricle width for our MVM cases was 1.15 cm, placing them in the lower range of MVM. It
is important to note that prenatal atrial widths in the 1.0–1.2 cm range in this study are
associated with significant enlargement of the lateral ventricle in the neonatal period (Figure
2), as well as alterations of cortical gray and white matter.

In our sample, boys were more likely to have MVM than girls, with a gender ratio of 3.25. This
male bias is consistent with previous studies of MVM, with gender ratios ranging from 1.3 to
3.0 (6, 19,25,26). There is evidence that males have larger prenatal atrial widths than girls (13,
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59) though we did not find gender differences in lateral ventricle volume on neonatal MRI
(46). The predominance of males with MVM is consistent with higher rates of many
neurodevelopmental disorders in males, and provides evidence that males are more vulnerable
to alterations of brain development.

Ultimately, the value of lateral ventricle enlargement as a prenatal or neonatal structural marker
of risk will need to be determined in long-term outcome studies. Most outcome studies of MVM
are limited to the first few years of childhood, have not followed the children into the age of
risk and involve interviews of parents and review of clinical records. Only Bloom et al. (27)
has conducted a prospective, standardized follow-up study and found that a third of children
had evidence of developmental delays. In a case series we previously found that MVM can be
associated with autism, attention deficit-hyperactivity disorder, and learning disabilities (6),
suggesting that prenatal MVM may be a marker of risk for these disorders. We are obtaining
follow-up MRIs and neurodevelopmental assessments on this cohort and hope to follow these
children into later childhood. A present, prenatal MVM is, at best, a non-specific marker of
risk for a variety of poor neurodevelopmental and neuropsychiatric outcomes. In addition, it
should be noted that there is overlap between the MVM subjects and controls in cortical gray
and white matter and lateral ventricle volumes, making the predictive value less certain. Future
studies may provide the basis for more specificity.

In summary, mild enlargement of the lateral ventricles in the fetal brain is associated with
enlarged lateral ventricles after birth, as well as evidence of altered cortical gray and white
matter development. The overall relative size of the fetal lateral ventricle appears to be
conserved into the early postnatal periods and beyond, suggesting that it may have value as an
early structural marker of risk for poor neurodevelopmental outcome and neuropsychiatric
disorders associated with enlarged lateral ventricles. The study of prenatal and neonatal brain
development with ultrasound offers the potential for an improved understanding of
neurodevelopmental mechanisms that contribute to neuropsychiatric disorders as well as very
early identification of children at risk.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A. Maximum lateral ventricle width in controls and MVM cases (n= 34/group; p < 0.0001).
B. Neonates with prenatal MVM have significantly larger lateral ventricle volumes than
matched controls (n= 34/group; p < 0.0001). This difference remained significant even when
excluding the two outliers in the MVM group (p < 0.0001).
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Figure 2.
Lateral ventricle size and configuration from representative MVM cases, ranging from largest
volume (upper left) to normal volume (lower right).
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Figure 3.
There was a significant correlation between the prenatal maximum lateral ventricle width on
ultrasound and neonatal lateral ventricle volume on MRI for both the normal control (Pearson
r = 0.3563; p = 0.0386) and the MVM groups (Pearson r = 0.7482, p < 0.0001).
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Figure 4.
A. There is a significant difference in the relationship between ICV and cortical gray matter
volume in MVM cases compared to controls (homogeneity of slope F=13.15 (1,31); p=0.0010),
with MVM cases having larger gray matter volumes at larger ICV values. B. There is a
significant difference in the relationship between ICV and cortical white matter volume in
MVM cases compared to controls (homogeneity of slope F= 7.04 (1,31); p=0.0125) with MVM
cases smaller white matter volumes than controls at larger ICVs.
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Figure 5.
A. There was a significant correlation between the lateral ventricle volume and cortical gray
matter volume in both the normal control (Pearson r = 0.3539; p = 0.0400) and the MVM
groups (Pearson r = 0.5617, p = 0.0005). B. There was a significant correlation between lateral
ventricle volume and cortical white matter volume in the normal controls (Pearson 0.3794; p
= 0.0269), but not in the MVM group (Pearson 0.0892, p = 0.6160).
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Table 1
Sample Descriptive Statistics

Control MVM p Value
Gender Male 26 26 1.00

Female 8 8
Singleton/Twin Singleton 30 30 1.00

Twin 4 4
Ethnicity Caucasian 27 25 0.5588

African-American 7 7
Asian 0 2

Gestational age at Birth (weeks) 38.9 (1.6) 38.74 (1.6) 0.7300
Birthweight (kg) 3.384 (0.55) 3.521 (0.57) 0.3224
Age at MRI (days) 22.7 (8.7) 22.2 (12.5) 0.8314
Maternal Age (years) 30.09 (4.73 ) 29.76 (5.93 ) 0.8044
Maxiumum Prenatal Ventricle Width 0.59 (0.10) 1.15 (0.16) < 0.0001
Values are mean (SD).
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Table 3
White Matter Tract Mean Diffusivity

Mean Diffusivity LSMean (SE) F-Test for difference: Normal Control vs MVM
Location/track Normal Control MVM F-value (DF) P-Value
Right Cortical Genu (−21) 14.58 (0.16) 15.63 (0.17) 20.46 (1,24) 0.0001
Central Genu (0) 13.71 (0.28) 14.28 (0.30) 1.92 (1,24) 0.1782
Left Cortical Genu (21) 13.61 (0.44) 15.31 (0.48) 6.79 (1,24) 0.0155
Right Cortical Splenium (−24) 15.01 (0.33) 16.70 (0.35) 12.12 (1,24) 0.0019
Central Splenium (0) 14.23 (0.21) 14.91 (0.22) 4.88 (1,24) 0.0370
Left Cortical Splenium (24) 14.59 (0.24) 16.26 (0.26) 22.47 (1,24) <0.0001
Left Central Cortico-spinal (−12) 10.08 (0.08) 10.41 (0.08) 8.55 (1,23) 0.0076
Left Cortical Cortico-spinal (9) 12.43 (0.18) 13.22 (0.20) 8.92 (1,23) 0.0066
Right Central Cortico-spinal (−12) 10.06 (0.07) 10.54 (0.08) 20.37 (1,23) 0.0002
Right Cortical Cortico-spinal (9) 12.45 (0.21) 13.10 (0.23) 4.42 (1,23) 0.0466
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Table 4
White Matter Tract Fractional Anisotropy

Fractional Anisotropy LSMean (SE) F-Test for difference: Normal Control vs MVM
Location/track Normal Control MVM F-value (DF) P-Value
Right Cortical Genu (−21) 0.23 (0.01) 0.21 (0.01) 3.08 (1,24) 0.0920
Central Genu (0) 0.50 (0.01) 0.47 (0.01) 2.22 (1,24) 0.1493
Left Cortical Genu (21) 0.23 (0.01) 0.22 (0.01) 0.74 (1,24) 0.3972
Right Cortical Splenium (−24) 0.29 (0.01) 0.29 (0.01) 0.04 (1,24) 0.8448
Central Splenium (0) 0.56 (0.01) 0.49 (0.02) 10.59 (1,24) 0.0034
Left Cortical Splenium (24) 0.28 (0.01) 0.25 (0.01) 4.27 (1,24) 0.0498
Left Central Cortico-spinal (−12) 0.51 (0.01) 0.50 (0.01) 1.24 (1,23) 0.2763
Left Cortical Cortico-spinal (9) 0.31 (0.01) 0.28 (0.01) 4.29 (1,23) 0.0497
Right Central Cortico-spinal (−12) 0.54 (0.01) 0.50 (0.01) 5.20 (1,23) 0.0322
Right Cortical Cortico-spinal (9) 0.28 (0.01) 0.28 (0.01) 0.03 (1,23) 0.8629
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