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Ventricular Volume in Infants Born Very Preterm: Relationship with Brain
Maturation and Neurodevelopment at Age 4.5 Years

Min Sheng, MD1, Ting Guo, PhD1, Connor Mabbott, MSc1, Vann Chau, MD1, Anne Synnes, MDCM, MHSc2,

Linda S. de Vries, MD, PhD3, Ruth E. Grunau, PhD2, and Steven P. Miller, MDCM1,2

Objective To evaluate the relationship of quantitative ventricular volume with brain maturation and neurodevelop-
mental outcomes at age 4.5 years in children born very preterm.
Study design T1-weighted imaging, diffusion tensor imaging, and magnetic resonance spectroscopy were per-
formed shortly after birth (n = 212) and at term-equivalent age (TEA) (n = 194). Intraventricular hemorrhage (IVH) grade
andwhitematter injury (WMI) volumeweremeasured on early T1-weightedmagnetic resonance imaging (MRI) scans.
Total cerebral volume and ventricular volumewere quantified using theMultiple Automatically Generated Templates-
Brain pipeline. At age 4.5 years, 178 children (84%) underwent cognitive andmotor assessments. Multivariable linear
regression was used to examine the relationships between ventricular volume and neurodevelopmental outcomes.
Generalized estimating equations were used to account for repeated measures when analyzing neonatal MRI
data. All models accounted for sex, postmenstrual age at scan, WMI volume, IVH grade, and total cerebral volume
and were corrected for multiple comparisons.
ResultsOn early MRI, 97 infants had IVH (grade 1, n = 22; grade 2, n = 66; grade 3, n = 9), and 68 hadWMI (median,
44 mm3; IQR, 21-296 mm3). IQ at 4.5 years was associated with MRI ventricular volume at the early (b = �0.64;
P < .001) and TEA (b = �0.44, P < .001) time points. Motor outcomes were associated with ventricular volume at
TEA (b = �0.84, P = .01). Greater ventricular volume independently predicted lower fractional anisotropy in corpus
callosum (genu: b = �0.0008, P = .002; splenium: b = �0.003, P < .001) and optic radiations (b = �0.001, P = .004);
ventricular volume did not predict the N-acetylaspartate/choline ratio.
Conclusions In children born very preterm, neonatal ventricular size was associated with 4.5-year neurodevelop-
mental outcomes. Our findings suggest that white matter maturation may be abnormal in the setting of enlarged
ventricular size beyond that expected from concurrent brain injuries. (J Pediatr 2022;248:51-8).
E
nlarged ventricular size (dilatation) is one of the most common brain abnormalities in infants born preterm and is often
associated with concurrent brain injury.1-4 Previous studies assessing the association of ventricular dilatation with neu-
rodevelopmental outcomes have reported inconsistent results owing to the different techniques and variables applied to

measure ventricular size.1,5-7 In addition, recent studies have shown that ventricular measurements on ultrasound, the most
common imaging method used in routine clinical practice, do not correlate well with magnetic resonance imaging (MRI) mea-
surements of ventricular size.8,9 Ventricular dilatation is often detected with concurrent intraventricular hemorrhage (IVH)
and periventricular hemorrhagic infarction. In this setting, ventricular dilatation itself is associated with an increased risk of
neurodevelopmental sequelae,2,10-14 such as cerebral palsy,12 visual performance deficits,2 and learning challenges.13,14 Howev-
er, because the reported neurodevelopmental outcomes of infants with ventricular dilatation in the absence of brain hemor-
rhage vary across studies, a more in-depth understanding of the relationship between ventricular size and
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born preterm, because ventriculomegaly is uncommon in full-
term infants. Our aims were to determine the relationship of
ventricular volume with neonatal brain maturation and neu-
rodevelopmental outcomes at age 4.5 years, accounting for to-
tal cerebral volume and concurrent brain abnormalities.

Methods

The study was approved by the University of British
Columbia/BC Children’s and Women’s Health Centre
Research Ethics Board. Infants (n = 234; 122 boys) born be-
tween 24 and 32 weeks of gestation (median, 27.7 weeks; IQR,
26.0-29.6 weeks) were recruited. Infants with a congenital
infection, congenital malformation or syndrome, or large
parenchymal hemorrhagic infarction (>2 cm on ultrasound)
were excluded. Clinical and demographic data, including
head circumference, Score for Neonatal Physiology Version
II, neonatal hypotension, infection, patent ductus arteriosus,
and maternal education level, were collected from a detailed
chart review.15 Neonatal hypotension was defined as sus-
tained low blood pressure necessitating intervention with
fluid bolus or inotropes. Maternal education level was cate-
gorized into 3 groups: primary/secondary school, undergrad-
uate degree, and postgraduate degree.15

Brain Imaging and Segmentation
All brain MRI acquisitions were carried out without sedation
on a 1.5T Siemens Avanto scanner (Siemens) at 2 time
points, with the first scan performed shortly after birth
Figure 2. FAmap derived from the DTI of an infant born at 29 wee
identified at the levels of A, the high centrum semiovale and B, th
bilateral values, and the ROIs were categorized into 3 groups: su
whitematter tracts (4) genu, (5) splenium, (6) PLIC, and (7) optic rad
nucleus, and (10) thalamus.
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(n = 212) and the second scan performed at term-
equivalent age (TEA; n = 188). Three-dimensional (3D)
volumetric T1-weighted imaging, diffusion tensor imaging
(DTI), and magnetic resonance spectroscopy were per-
formed at each time point. Details of sequence variables
have been reported previously.16-18 White matter injury
(WMI) volumes were obtained as described previously,19,20

and IVH was graded according to the system of Papile et al
on early scans, the period at which these injuries are
most apparent.3

Ventricular volume and total cerebral volume were
segmented using the Multiple Automatically Generated
Templates-Brain pipeline21 on 3D T1-weighted images and
then inspected and manually revised by an experienced radi-
ologist to ensure that only target structures were included.
Segmentation details have been described previously.16 Ven-
tricular volume includes the supratentorial ventricular vol-
ume, consisting of the lateral ventricles and the third
ventricle (Figure 1; available at www.jpeds.com).

DTI. Mean fractional anisotropy (FA), mean diffusivity,
axial diffusivity, and radial diffusivity values were extracted
from each of 10 regions of interest (ROIs) in each hemi-
sphere18,22 (Figure 2). The average of the DTI variables of
each ROI from the left and right hemispheres was
calculated. The 10 ROIs were classified into 3 groups
according to similarities of anatomic connectivity or
proximity: (1) deep gray matter: caudate, lentiform nuclei,
and thalamus; (2) white matter tracts: genu and splenium
ks of gestation and scanned at 34 weeks PMA. Ten ROIs were
e basal ganglia. The value of each ROI was the average of
perior white matter (1) anterior, (2) central, and (3) posterior;
iations; and deep graymatter (8) caudate nucleus, (9) lentiform
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of the corpus callosum, posterior limb of the internal capsule
(PLIC), and optic radiations; and (3) superior white matter:
anterior, central, and posterior white matter.

Magnetic Resonance Spectroscopy. The N-acetylaspartate
(NAA)/choline (Cho) ratio was calculated for each ROI bilat-
erally. Themean NAA/Cho ratio of each ROI was obtained by
averaging values of both the left and right hemispheres. Four
white matter ROIs (anterior, central, and posterior white
matter and optic radiations) and 3 gray matter ROIs
(caudate, lentiform nuclei, and thalamus) were measured
and grouped as in the DTI analysis.

Neurodevelopmental Outcomes
Neurodevelopmental outcomes at age 4.5 years were assessed
by experienced clinical staff in the Neonatal Follow-up Pro-
gram who were blinded to the ventricular volume measure-
ments. Cognitive outcome was measured using the Wechsler
Primary and Preschool Scale of Intelligence, Third Edition,
which provides the full-scale IQ (FSIQ). Ten children who
could not be tested owing to severe cognitive impairment
were assigned a score of 49. Motor skills were evaluated by
experienced occupational therapists using the Movement
Assessment Battery for Children, Second Edition (MABC-2).

Statistical Analyses
Statistical analysis was performed using R version 3.5.1 (R
Foundation for Statistical Computing). To describe the
cohort, we categorized children based on the 75th percentile
of ventricular volume/total cerebral volume into normal and
abnormal ventricular volume/total cerebral volume groups.
Demographic and clinical characteristics in the normal and
abnormal ventricular volume groups were compared using
the c2 or Fisher exact test for categorical data and the
Kruskal–Wallis test for continuous variables. For the
remainder of the analyses, ventricular volume was modeled
as the primary predictor, accounting for total cerebral vol-
ume as one of the covariates. Multiple linear regression
models were used to investigate how ventricular volume
related to neurodevelopmental outcomes, with ventricular
volume as the primary predictor, FSIQ and motor scores as
dependent variables, and sex, postmenstrual age (PMA) at
scan, WMI volume, IVH grade, and total cerebral volume
as covariates. Restricted cubic splines were then applied in
these regression models to investigate whether there was a
cutoff value of ventricular volume for predicting neurodeve-
lopmental outcomes. We then examined the interaction term
of WMI volume by ventricular volume in the linear regres-
sion models to determine whether the associations between
ventricular volume and neurodevelopmental outcomes
were modified by WMI volume. Because most children had
2 neonatal MRI scans, generalized estimating equations
were used to determine the relationship between ventricular
volume with FA, mean diffusivity, radial diffusivity, axial
diffusivity, and NAA/Cho while accounting for repeated
measures. These generalized estimating equation models
used an independent correlation structure with robust
Ventricular Volume in Infants Born Very Preterm: Relationship w
4.5 Years
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standard error adjustment and included sex, PMA at scan,
WMI volume, IVH grade, and total cerebral volume as cova-
riates. To limit multiple comparisons across ROIs, we first
analyzed the imaging metrics in the 3 ROI groups. For ROI
groups with significant results, we then evaluated the individ-
ual ROIs within that group. The false discovery rate was used
to correct for multiple comparisons for the ROI group and
then in individual ROI analyses. Of note, only 2 subjects in
this cohort had surgical ventricular drainage, thus surgery
was not included as a covariate in our analyses. A P value
<.05 was considered significant.

Results

Among the 212 infants with an early MRI, 208 with accept-
able image quality had total cerebral volume and ventricular
volume segmentations (median PMA, 32.0 weeks; IQR, 30.4-
33.6 weeks). At TEA, 194 infants underwent MRI, and total
cerebral volume and ventricular volume of 188 images were
quantified successfully (median PMA, 40.3 weeks; IQR,
38.9-42.0 weeks). Four early scans and 6 TEA scans were
excluded owing to excessive motion artifact. Of the 212 early
MRIs, 68 (32.1%) showed punctate WMI (median WMI vol-
ume, 44 mm3; IQR, 21-296 mm3), 97 (45.8%) showed IVH
(grade I, 22; grade II, 66; grade III, 9), and 43 (20.3%) showed
both IVH and WMI.

Ventricular Volume and Total Cerebral Volume
Quantification
Themedian ventricular volume andmedian total cerebral vol-
ume were 3.5 cm3 (IQR, 2.6-5.6 cm3) and 168.7 cm3 (IQR,
146.6-200.8 cm3), respectively, on early MRI and 6.6 cm3

(IQR, 4.8-9.1 cm3) and 349.1 cm3 (IQR, 300.4-391.1 cm3) at
TEA. The median ventricular volume/total cerebral volume
ratio was 2.1% (IQR, 1.5%-3.2%) early in life and 1.8%
(IQR, 1.5%-2.7%) at TEA. Patients were categorized into
normal and abnormal ventricular volume/total cerebral vol-
ume groups based on the 75th percentile of ventricular vol-
ume/total cerebral volume ratio (3.2%) using results of the
early MRI. Infants in the abnormal ventricular volume/total
cerebral volume group were more often male, were of younger
gestational age, and had higher incidences of IVH and hypo-
tension (Table I). Within the abnormal ventricular volume/
total cerebral volume group, 33 of 41 infants (80.5%) with
MRI data at both time points had reduction in ventricular
volume/total cerebral volume ratio from the early MRI to
the TEA MRI. Because no significant differences in
ventricular volume or total cerebral volume were observed
between the early life (P = .11 and .34, respectively) and
TEA (P = .83 and .11, respectively) MRIs were observed
across maternal education level groups, maternal education
level was not adjusted for in subsequent analyses.

Ventricular Volume and Neurodevelopmental
Outcomes
At age 4.5 years, 178 children (84%) returned for neurodeve-
lopmental assessment (median age, 57.9 months; IQR,
ith Brain Maturation and Neurodevelopment at Age 53
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Table I. Demographic and clinical characteristics of neonates with normal ventricular volume/total cerebral volume
(<75th percentile) and abnormal ventricular volume/total cerebral volume (‡75th percentile)

Characteristics
Normal ventricular volume/total cerebral

volume (N = 156)
Abnormal ventricular volume/total cerebral

volume (N = 52) P

Male sex, n (%) 73 (46.8) 34 (65.4) .03
Gestational age, week, median (IQR) 28.6 (26.5-30.0) 26.6 (25.6-28.1) <.001
PMA at early MRI, week, median (IQR) 32.3 (30.6-33.7) 31.3 (30.1-32.4) .08
PMA at TEA MRI, week, median (IQR) 40.3 (39.0-41.9) 40.1 (37.7-41.9) .33
WMI volume at early MRI, mm3, median (IQR) 41.2 (19.8-406.6) 49.5 (30.9-272.6) .79
IVH, n (%) <.001
Grade I-II 57 (36.5) 31 (59.6)
Grade III 2 (1.3) 6 (11.5)

Head circumference at birth, cm, median (IQR) 26.0 (24.0-27.5) 24.5 (22.5-26.5) .06
Maternal education level, n (%) .35
Primary/secondary 19 (10.7) 4 (2.2)
Undergraduate 93 (52.2) 31 (17.4)
Postgraduate 25 (14.0) 6 (3.3)

SNAP-II, median (IQR) 9 (0-17) 9 (5-25) .09
Hypotension, n (%) 47 (30.1) 26 (50.0) .02
Culture-positive infection, n (%) 63 (40.4) 24 (46.2) .59
Patent ductus arteriosus, n (%) 73 (46.8) 28 (53.8) .47
WPPSI-III FSIQ score, median (IQR) 104 (95-112) 97 (89-107.8) .02
MABC-2 total score, median (IQR) 74 (53-87) 72 (51-79.5) .39

SNAP-II, Score for Neonatal Physiology, Version II; WPPSI-III, Wechsler Primary and Preschool Scale of Intelligence, Third Edition.
In the normal ventricular volume/total cerebral volume group, WPPSI-III FSIQ and MABC-2 scores were available for 127 and 123 children, respectively. In the abnormal ventricular volume/total
cerebral volume group, WPPSI-III FSIQ and MABC-2 scores were available for 38 and 32 children, respectively.
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57.0-58.9 months). The median Wechsler Primary and Pre-
school Scale of Intelligence, Third Edition FSIQ was 103
(IQR, 94.3-111), and the median MABC-2 total score was
74 (IQR, 53-85). Larger ventricular volume in early life
(b = �0.64, P < .001) and at TEA (b = �0.44, P < .001)
were associated with lower FSIQ scores. Larger ventricular
volume at TEA also was associated with lower motor scores
(b = �0.84, P = .01) (Figure 3). Examining the
relationships with splines, no meaningful cutoff values of
ventricular volume in relation to FSIQ and motor score
were identified. Across the range of observed values, on the
early MRI, every 1 cm3 increase in ventricular volume was
associated with a 0.6 point lower FSIQ, and on the TEA
MRI, every 1 cm3 increase in ventricular volume was
associated with a 0.4 point lower FSIQ and a 0.8 point
lower motor score. WMI volume significantly modified the
relationship between ventricular volume in early life and
FSIQ at 4.5 years (P < .01), where the negative association
between ventricular volume and FSIQ was accentuated by
greater WMI volume.

Ventricular Volume and MRI Measures of Brain
Maturation
FA, mean diffusivity, and radial diffusivity values for the 3
groups of ROIs are presented in Table II (available at
www.jpeds.com). Significant associations were observed
between ventricular volume and FA, mean diffusivity, and
radial diffusivity in white matter tract and gray matter
groups after adjusting for sex, PMA at scan, WMI volume,
IVH grade, and total cerebral volume and correcting for
multiple comparisons (Table III; available at www.jpeds.
com). We examined the relationships between ventricular
volume and FA, mean diffusivity, and radial diffusivity in
54
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each individual ROI of these 2 groups (Table IV).
Significant associations were observed between ventricular
volume and FA in several white matter tracts (genu,
splenium, optic radiations, and PLIC) and in the lentiform
nucleus and thalamus after adjusting for sex, PMA at scan,
WMI volume, IVH grade, and total cerebral volume and
correcting for multiple comparisons. Ventricular volume
was associated with mean diffusivity in the splenium, PLIC,
and optic radiations. Significant associations between
ventricular volume and radial diffusivity in the genu,
splenium, optic radiations, and thalamus were observed as
well. No significant association between ventricular volume
and NAA/choline was observed after accounting for sex,
PMA at scan, WMI volume, IVH grade, and total cerebral
volume and correcting for multiple comparisons.

Discussion

We evaluated ventricular size in infants born very preterm
both early in life and at TEA using quantitative volumetric
measures, accounting for total cerebral volume and compre-
hensive assessment of concurrent brain injury, including
WMI volumes. In our prospective cohort of children born
preterm, larger ventricular volume in the neonatal period
was associated with lower FSIQ and motor scores at pre-
school age. Our findings also suggest that enlarged ventricu-
lar volume is associated with alterations in white matter
microstructure beyond that expected from a concurrent
brain injury. It is important to note that ventricular volume
was independently associated with neurodevelopmental out-
comes regardless of the presence or absence of other brain in-
juries. This finding is consistent with conclusions from other
contemporary reports identifying ventricular dilatation as a
Sheng et al
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Figure 3. Relationships betweenA, ventricular volume at early in life and full-scale IQ;B, ventricular volume at TEA and full-scale
IQ; and C, ventricular volume at TEA and motor score.
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risk factor for adverse neurodevelopment in infants born pre-
term.1,5,23-25 Fox et al reported that larger ventricular mea-
surements acquired on neonatal ultrasound images
predicted adverse motor and language development, but
not cognitive composite scores, at age 2 years.5 A recent study
used the biparietal diameter-to-ventricle ratio measured on
cranial ultrasound to calculate a total brain-to-ventricle ratio
as a measure of relative ventricular size.24 In that study of 482
infants born preterm, a reduced brain-to-ventricle ratio was
associated with lower Mental Development Index and
Table IV. Associations between DTI variables and
ventricular volume in each ROI

ROIs

FA Mean diffusivity Radial diffusivity

b P b P b P

Genu �0.0008 .002 0.001 .08 0.002 .002
Splenium �0.003 <.001 0.002 <.001 0.005 .004
PLIC 0.0005 .01 �0.0008 .002 �0.0008 .10
Optic radiations �0.001 .004 0.001 .01 0.002 .002
Lentiform 0.0002 <.001 �0.0003 .90 �0.0003 .10
Thalamus 0.0005 <.001 �0.0004 .10 �0.0007 <.001

Independent variable: ventricular volume. Dependent variables: FA, mean diffusivity, and radial
diffusivity in each ROI. Covariates: sex, PMA at scan, WMI volume, IVH grade, and total cerebral
volume. P values are adjusted for false discovery rate. Significant P values are in bold type.
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Psychomotor Development Index scores at 2 years.24 Our
study builds on these observations by acquiring accurate ven-
tricular volumes during the neonatal period and investi-
gating the relationships of these volumes early in life and at
TEA with neurodevelopmental outcomes.
Two-dimensional (2D) ultrasound is the most common

and accessible method for assessing ventricular size in
neonatal intensive care units26; however, concerns have
been raised regarding interobserver variability and poor cor-
relation between 2D measurements and 3D ventricular vol-
ume. We conducted our study using 3D ventricular volume
for several reasons. First, compared with ultrasound, MRI
is more sensitive in WMI, which is the predominant brain
injury in infants born preterm and is strongly associated
with adverse neurodevelopment.15,19,27 With MRI, WMI
can be quantitively assessed and taken into account with
the grade of IVH for the analyses of associations between ven-
tricular volume and brain maturation, as well as with neuro-
developmental outcomes. Second, ventricular volume can be
more accurately measured on 3D MRI compared with ultra-
sound and 2D measures.16,20,28

Ventricular volume was independently associated with
cognitive andmotor outcomes at age 4.5 years. This is consis-
tent with findings of Ment et al showing that infants with
ventriculomegaly had significantly lower IQ scores and a
ith Brain Maturation and Neurodevelopment at Age 55
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higher rate of IQ scores <70.25 In other studies, ventricular
dilatation was associated with more neurodevelopmental
impairment in children born preterm either with or without
hemorrhage.4,29,30 Our prospective cohort of children born
very preterm was studied longitudinally with multimodal
brain MRI from early in life to TEA, as well as neurodevelop-
mental outcomes at preschool age. The MRI studies enabled
accurate quantitative measurements of ventricular size and
its trajectory from early life to TEA and to investigate how
ventricular size at each time point relates to neurodevelop-
mental outcomes. Of note, this cohort did not include neo-
nates with severe periventricular hemorrhagic infarction;
these neonates were excluded from enrollment because at
the time their mortality was high and neurodevelopmental
outcomes considered known.

Previous studies have demonstrated that infants born pre-
term are at high risk of brain injury, with the cerebral white
matter particularly vulnerable. Both the extent and the
severity of WMI were associated with adverse neurodevelop-
mental outcomes.19 In our study, even after controlling for
WMI volume, total cerebral volume, and other key factors,
ventricular volume was independently associated with FSIQ
and motor scores at preschool age, suggesting a contribution
of ventricular size to cognitive and motor function in chil-
dren born very preterm beyond what can be attributed
to WMI.

The linear relationship between neonatal ventricular vol-
ume with preschool cognitive and motor outcomes suggests
that there is no cutoff value of ventricular volume for predict-
ing adverse neurodevelopmental outcomes. Thus, when
considering intervention for ventricular dilatation, the etiol-
ogy of the ventricular enlargement should be considered
along with ventricular size. For example, in neonates with
posthemorrhagic ventricular dilatation, those with an early
neurosurgical intervention for this condition had essentially
normal neurodevelopmental outcomes, whereas those
receiving a late intervention did not.31

Larger ventricular volume was associated with lower FA in
the corpus callosum and optic radiations, suggesting
impaired white matter maturation in these regions. This is
in line with a neonatal ultrasound study showing an associa-
tion between hemorrhagic ventricular dilatation and white
matter abnormalities.32 Vollmer et al pointed out that even
in MRI with reasonable image quality, isolated ventricular
dilatation is likely to be associated with subtle WMIs that
could not be identified on conventional neonatal MRI.2

Furthermore, we found that larger ventricular volume was
associated with higher mean diffusivity and radial diffusivity
values in the splenium. Increasedmean diffusivity values may
be due to increased water content and decreased restriction of
water diffusion observed in conditions of reduced membrane
density.33 White matter FA typically increases and mean
diffusivity decreases along with PMA in the neonatal
period34,35; these DTI changes have been linked to matura-
tion of the oligodendroglial lineage in experimental
models.36 This increased regional mean diffusivity with
56
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decreased FA suggests abnormalities in the early events of
white matter myelination in neonates with larger ventricular
volume. Gilmore et al and Estrin et al reported decreased FA
and increased mean diffusivity in neonates with a prenatal
diagnosis of ventriculomegaly compared with full-
term controls.37,38

In general, radial diffusivity decreases with increasing
myelin development.39 Increases in radial diffusivity have
been linked to incomplete myelination40 and loss of myelin
following axonal injury.41 The splenium is located adjacent
to the trigone of the lateral ventricles, which is usually the
earliest and the most pronounced part of the corpus callosum
affected by lateral ventricle dilatation.42 Therefore, it is not
surprising to see the alterations in FA, mean diffusivity,
and radial diffusivity with ventricular volume changes in
the splenium, suggesting a particular vulnerability of the
splenium in the context of ventricular dilatation. In contrast,
ventricular volume was observed to be positively correlated
with FA in the PLIC. Increased FA likely reflects the early
myelination of the PLIC43,44 and its relatively more distant
location to ventricles. We hypothesize that ventricular dilata-
tion may have resolved or decreased in our cohort before
adversely impacting early myelination in the PLIC.
Deep graymatter maturation did not show pronounced al-

terations with ventricular dilatation. Experimental data sug-
gest that hydrocephalus affects oligodendrocytes and myelin
deposition first and results in axonal damage only when
ventricle dilatation persists.45 In our cohort, ventricular dila-
tation was reduced from early life to TEA in most (81%) ne-
onates. Therefore, we hypothesize that ventricular dilatation
resolved before inducing a pronounced abnormality in gray
matter. Although the pathologic significance of FA in deep
gray matter is controversial, abnormalities of radial diffu-
sivity are generally considered to indicate axonal pathology.46

The association of thalamus FA and radial diffusivity with
ventricular volume suggests that this structure may be partic-
ularly vulnerable among deep gray nuclei in the patients with
sustained ventricular dilatation. The association with higher
FA suggests that changes other than myelination underlie
these differences, although differences in axonal or glial
development cannot be distinguished with the DTI methods
used in this study. In our study, the absence of uniform lon-
gitudinal ultrasound measures of ventricular size precluded a
detailed examination of the trajectory of ventricular size on
the MRI scans in which ventricular volume was measured
in relation to these measures of gray matter maturation.
Associations observed between ventricular volume and

diffusion variables in splenium and optic radiations may
reflect regional-specific vulnerability to ventricular dilata-
tion. This work deepens our understanding of how neonatal
ventricular dilatation after prematurity relates to neurodeve-
lopmental outcomes at preschool age and highlights the
importance of ventricular volume measurements during
the neonatal period in relationship to longer-term neurode-
velopmental outcomes. Furthermore, our findings
contribute new insights into the brain changes that explain
Sheng et al
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Understanding Progressive Cholestatic Liver Disease

Linarelli LG, Williams CN, Phillips MJ. Byler’s disease: fatal intrahepatic cholestasis. J Pediatr 1972;81:484-92.
Williams CN, Kaye R, Baker L, Hurwitz R, Senior JR. Progressive familial cholestatic cirrhosis and bile acid metabolism. J Pediatr
1972;81:493-500.

In 1972, Linarelli et al contributed findings to further understand Byler disease, the first described progressive famil-
ial cholestasis disorder; this was discovered in the Amish Byler family in the western Pennsylvania and eastern Ohio

region. Bile acid analysis of an affected infant’s serum identified significant levels of lithocholic acid, which the authors
proposed as a likely contributor to the canalicular damage seen in the liver tissue. In addition, electron microscopy of
liver tissue discovered the unique coarse particulate and amorphous granular bile, later coined “Byler’s bile.” At the
same time, Williams et al described a uniquely different form of progressive familial cholestasis. Although lithocholic
acid serum levels also were elevated, the affected children’s presentation, symptomatology, and bile composition,
being viscid compared with the particulate coarse bile, were distinct from Byler disease.

Progressive familial intrahepatic cholestasis encompasses a growing and heterogeneous group of rare genetic chole-
static disorders defined by defects in bile acid secretion or transportation. Our understanding of the molecular path-
ogenesis of bile acids, mechanisms of bile acid synthesis and transportation, and genetic defects associated with
progressive familial cholestatic disorders has evolved over the decades. Byler disease is now considered progressive fa-
milial intrahepatic cholestasis type 1, and, more accurately, FIC1 deficiency. A recent review highlighted the range of
disease subtypes and the importance of defining the subtypes individually, and described the shortened life expectancy,
debilitating symptoms, and poor health-related quality of life across the group of progressive cholestatic diseases.1

Further work to identify and understand progressive familial cholestatic diseases is needed to manage, treat, and
counsel the children and families that are affected by these disorders.

Julie B. Osborn, MD
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Figure 1. Segmentation of supratentorial ventricular volume (VV) and total cerebral volume (TCV) on T1-weightedMRI of a single
neonate A, early after birth and B, at TEA.

Table II. FA, mean diffusivity, and radial diffusivity values of 3 ROI groups on both early life and TEA MRI

ROI groups

FA, median (IQR) Mean diffusivity, median (IQR) Radial diffusivity, median (IQR)

Early life TEA Early life TEA Early life TEA

Superior white matter 0.12 (0.10-0.14) 0.18 (0.14-0.22) 1.84 (1.74-1.97) 1.63 (1.48-1.79) 2.02 (1.89-2.15) 2.03 (1.90-2.15)
White matter tracts 0.42 (0.33-0.48) 0.49 (0.41-0.57) 1.37 (1.28-1.52) 1.28 (1.16-1.41) 2.06 (1.91-2.22) 2.04 (1.92-2.20)
Gray matter 0.10 (0.08-0.13) 0.12 (0.10-0.14) 1.35 (1.29-1.41) 1.19 (1.12-1.25) 1.43 (1.34-1.51) 1.41 (1.33-1.50)

September 2022 ORIGINAL ARTICLES

Ventricular Volume in Infants Born Very Preterm: Relationship with Brain Maturation and Neurodevelopment at Age
4.5 Years

58.e1

Descargado para Boletin -BINASSS (bolet-binas@binasss.sa.cr) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en diciembre 
06, 2022. Para uso personal exclusivamente. No se permiten otros usos sin autorización. Copyright ©2022. Elsevier Inc. Todos los derechos reservados.



Table III. Associations between DTI variables with ventricular volume in each ROI group

ROI groups

FA Mean diffusivity Axial diffusivity Radial diffusivity

b P b P b P b P

Superior white matter �0.0009 .36 0.004 .36 0.001 .67 0.005 .36
White matter tracts �0.0008 .02 0.0007 .048 �0.0007 .32 0.001 .02
Gray matter 0.0003 .01 �0.0002 .36 0.0002 .44 �0.0004 .048

Independent variable: ventricular volume. Dependent variables: FA, mean diffusivity, and radial diffusivity in each ROI. Covariates: sex, PMA at scan, WMI volume, IVH grade, and total cerebral
volume. P values are adjusted for false discovery rate. Significant P values are in bold type.
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