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Variability of Cerebral Deep Venous System in Preterm and
Term Neonates Evaluated on MR SWI Venography

D. Tortora, M. Severino, ““M. Malova, ““A. Parodi, “*G. Morana, ““L.A. Ramenghi, and ““A. Rossi

ABSTRACT

BACKGROUND AND PURPOSE: The anatomy of the deep venous system is characterized by a great variability that might play an
important role in the pathogenesis of brain lesions in the preterm brain. The aim of this study was to compare the anatomy of cerebral
subependymal veins evaluated on SWI venography in 3 groups of neonates with normal brain MR imaging (very preterm [gestational age
<32 weeks], moderate-to-late preterm [gestational age =32 to =37 weeks], and term neonates [gestational age >37 weeks]) and to
evaluate the influence of preterm birth on development of subependymal veins.

MATERIALS AND METHODS: SWI venographies of 84 very preterm, 31 moderate-to-late preterm, and 50 term neonates were retrospec-
tively evaluated. Subependymal vein anatomy was classified into 6 different patterns: type 1represented the classic pattern and types 2—6
were considered anatomic variants. A x* test was used to evaluate differences between the distributions of subependymal vein patterns.

RESULTS: A significant difference (P = .011) was noticed between the 6 patterns based on gestational age. Type 1 was more frequent in
term neonates (68%) than in both very preterm (41.7%) and moderate-to-late preterm neonates (56.5%). Anatomic variants were more
common in very preterm neonates (66%) than in both moderate-to-late preterm (41%) and term neonates (36%). Interhemispheric
asymmetry was more frequent in very preterm (59.5%) and moderate-to-late preterm neonates (51.6%) than in term neonates (34%;
P = .017). Sex and monozygotic twin birth did not significantly affect the frequency of subependymal vein patterns (P = .0962).

CONCLUSIONS: The deep venous system of the neonatal brain shows a large spectrum of anatomic variants with higher variability of
subependymal vein anatomy in preterm than term neonates, likely related to the influence of the preterm birth and epigenetic factors on
subependymal vein development.

ABBREVIATIONS: ASV = anterior septal vein; TSV = thalamostriate vein; DLV = direct lateral vein; ICV = internal cerebral vein; SV = subependymal veins

he cerebral deep venous system includes veins that course into

the lateral ventricles from the surrounding white matter and
basal ganglia and then exit into the transverse fissure, draining
into the internal cerebral veins (ICVs).! These veins are charac-
terized by their subependymal location in the lateral ventricles
and by their centripetal direction of blood flow. In 1964, Wolfand
Huang” classified the deep venous system into 2 main groups: the
deep medullary veins and the subependymal veins (SV). The deep
medullary veins are small vessels, arranged in wedge-shaped pat-
terns within the white matter of the cerebral hemispheres, directly
participating in the drainage of white matter via the SV into the
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ICVs. The SV bilaterally surround the medial and lateral edges of
lateral ventricles and are classified based on the portion of the
lateral ventricles in which they lie (Fig 1).

The first anatomic studies described the cerebral deep venous
system based on ex vivo angiographic planes.” Today, MR imag-
ing can be used as an alternative, noninvasive method to charac-
terize the anatomy of cerebral arteries and veins. Several types of
angiographic sequences have been developed to unravel the signal
of the blood flow in the arteries (arterial MRA) and in the veins
(venous MRA). Venous MRA techniques demonstrate the anat-
omy of larger vessels, such as the cerebral dural veins, but often fail
to depict the blood-flow signal in the smaller veins of the deep
venous system.4 However, a relatively new sequence, SWI, can
depict small vessels and venous structures rich in deoxygenated
blood.” Indeed, this 3D, fully velocity-compensated gradient re-
called—echo sequence uses deoxyhemoglobin as an intrinsic con-
trast agent, therefore affording in vivo assessment of even smaller
cerebral veins.’
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FIG 1. Axial-reformatted SWI venography and corresponding schematic representation of SV.

Table 1: MRI sequence parameters

term (<32 weeks) and moderate-to-late
preterm (=32 to =37 weeks).'* Among
all groups of neonates, the pairs of mo-
nozygotic twins were selected, and their
SV patterns were compared to identify
possible differences in SV anatomy
among neonates with identical genes.

Section Imaging

Thickness Intersection TR TE FA  SAR MR imaging was performed with a 1.5T
Sequence (mm) Matrix (mm)  (msec) (msec) (deg) (W/kg) Bandwidth  whole-body system (Achieva 1.5T X-Se-
Axial TI-SE 3 232X10 1 780 16 NA <26 82 ries; Philips Healthcare, Best, the Neth-
Axial T2-TSE 3 308X 1 6923 140 NA 31 56 erlands) using an 8-channel dedicated
Coronal T2-TSE 3 232 X171 1 6782 140 NA <3 67 Ceonatal head array coil. The barents of

3D TI TFE 1 200X150  NA 98 46 10 <02 23 atathead array coil. the pa
Axial DWI 4 108X104 04 2530 74 NA 03 129 the neonates provided written informed

Note:—FA indicates flip angle; NA, not available; SAR, specific absorption rate; SE, spin echo; TFE, turbo-field echo.

The anatomy of the deep venous system is characterized by a
great variability®” that has been ascribed to rearrangement of the
main venous drainage of the primitive choroid plexus occurring
in the late period of fetal life.>® This anatomic variability might
play an important role in the pathogenesis of brain lesions in the
preterm brain. In particular, germinal matrix-intraventricular
hemorrhage, the most frequent brain lesion and leading cause of
poor neurodevelopmental outcome and motor disability in pre-
term neonates,” has been associated with acquired and congenital
risk factors,'’ including peculiarities in the venous drainage
through the brain deep venous vessels."'"'* The aim of this study
was to describe the anatomy of SV evaluated on SWI venography
in 3 groups of neonates with normal brain MR imaging (very
preterm [gestational age <32 weeks], moderate-to-late preterm
[gestational age =32 to =37 weeks], and term neonates [gesta-
tional age >37 weeks]) and to evaluate the influence of preterm
birth on SV development.

MATERIALS AND METHODS

Patients

Our institutional review board approved this retrospective study
and waived informed consent.

The brain MR imaging studies of 248 consecutive preterm
neonates and 83 term neonates acquired from January 2012 to
December 2015 were retrospectively evaluated. In preterm neo-
nates, MR imaging was performed at term-equivalent age as a part
of a screening program for identification of prematurity-related
lesions. Term neonates (gestational age >37 weeks) underwent
brain MR imaging within 5 days of birth to rule out suspected

consent before acquisitions.

All patients were fed before MR im-
aging examination to achieve spontaneous sleep and were spon-
taneously breathing during examination. The need for sedation to
prevent head movement was verified with the neuroradiologist
based on the infant’s state of arousal and the quality of images
after the first sequence. Hearing protection was used in all pa-
tients. Heart rate and oxygen saturation were noninvasively mon-
itored by pulse oximetry during examination.

All neonates underwent the same MR imaging protocol
(Table 1). SWI data were collected with a 3D, fully flow-com-
pensated fast-field echo sequence by using the following pa-
rameters: TE = 48 ms, TR = 33 ms, 96 sections, flip angle =
15°, bandwidth = 140 Hz/px, field of view = 120 X 120, ac-
quisition matrix = 512 X 512, acquisition voxel size = 0.78 X
0.88 X 1.5 mm, and reconstructed voxel size = 0.7 X 0.8 X 1
mm. Parallel imaging (sensitivity encoding) with an accelera-
tion factor of 2 resulted in a total acquisition time of 2 minutes
and 57 seconds.

Qualitative Analysis of Subependymal Veins

Phase 1. A pediatric neuroradiologist with 20 years’ experience in
neonatal neuroimaging first reviewed all the MR imaging studies
by using a workstation equipped with a professional DICOM
viewer (OsiriX Imaging Software; http://www.osirix-viewer.com)
to exclude neonates with brain lesions. Furthermore, image
quality of the acquired SWI sequences was assessed by evalu-
ating the general image quality, noise, venous contrast, and
presence of motion artifacts. The selected SWI sequences were
translated and rotated into the anterior/posterior commissure
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FIG2. Axial-reformatted SWIvenography and corresponding schematic representation of SV patterns. The left side of SWIvenography and the
black schematic vein represent the anatomic pattern. Type 1: The ASV joined the ICV at the level of the foramen of Monro and the TSV-ICV
junction. The DLV was absent. Type 2: The ASV joined the ICV posterior to both the TSV-ICV junction and the foramen of Monro. The DLV was
absent. Type 3: The ASV joined the ICV close to the site of DLV-ICV junction, posterior to the foramen of Monro. The TSV was absent. Type 4:
The ASV joined the ICV posterior to both the foramen of Monro and DLV-ICV junction. The TSV was absent. Type 5: Both the TSV and DLV were
present. Type 6: Both the TSV and DLV were absent. Atrial veins were not included in schematic representations.

Talairach baseline'® to standardize the spatial orientation of
each brain.

Phase 2. Two neuroradiologists (with 9 and 6 years” experience,
respectively), blinded to neonate identity, independently re-
viewed the SWI sequences selected in phase 1. They identified the
SV on the basis of their anatomic location on axial-reformatted
SWI sections. The evaluated SV were the anterior septal vein
(ASV), thalamostriate vein (TSV), direct lateral vein (DLV), atrial
vein, and ICV (Fig 1).

Subsequently, they evaluated the location of the junction be-
tween the ASV and ICV and classified it into 2 categories: 1) at the
level of the foramen of Monro and 2) posterior to the foramen of
Monro.

Phase 3. Based on the results of the phase 2 evaluation, readers
independently assigned 1 of 6 patterns of subependymal vein
anatomy for each brain hemisphere (Fig 2):

e Type 1: The ASV joined the ICV at the level of the foramen of
Monro and the TSV-ICV junction. The DLV was absent. Ac-
cording to Stein and Rosenbaum?, this pattern describes the
classic anatomy of SV.

e Type 2: The ASV joined the ICV posterior to both the TSV-ICV
junction and the foramen of Monro. The DLV was absent.

e Type 3: The ASV joined the ICV close to the site of DLV-ICV
junction, posterior to the foramen of Monro. The TSV was
absent.

e Type 4: The ASV joined the ICV posterior to both the foramen
of Monro and DLV-ICV junction. The TSV was absent.

e Type 5: Both the TSV and DLV were present.

e Type 6: Both the TSV and DLV were absent.
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In all SV patterns, the atrial vein was present and had the same
course below the splenium of the corpus callosum, joining the
posterior end of the ICV.

Furthermore, the SV pattern of each hemisphere was com-
pared with the contralateral to classify each neonate into a sym-
metric or asymmetric venous pattern group. Finally, the SV ana-
tomic pattern of each pair of monozygotic twins was evaluated to
assess if a venous “intertwin” anatomic variability existed.

Phase 4. The same 2 neuroradiologists jointly reviewed the SWI
venography of neonates with phase 3 discordant evaluation and
were asked to reach a consensus on the SV pattern and interhemi-
spheric symmetry definitions.

Statistical Analysis

Statistical analysis was performed using SPSS Statistics for Mac,
Version 21.0 (IBM, Armonk, New York). The level of significance
was set at P <.05.

The frequencies and percentages of different SV patterns were
calculated for all neonates and separately for the 3 different ges-
tational age groups and for each pair of monozygotic twins. Sig-
nificant gestational age and sex differences were assessed by a x*
test. The same test was also used to evaluate significant differences
in the distribution of the symmetric and asymmetric SV pattern
among the 3 gestational age groups.

RESULTS

Patients

The MR imaging studies of 166 patients (133 of 248 [54%] pre-
term neonates and 33 of 83 [40%] term neonates) were excluded
from this study based on the exclusion criteria. In particular, 56



Table 2: Overall frequencies and percentages of SV patterns for each brain hemisphere in

the 3 groups of neonates®

quent anatomic variant and was more
frequent in very preterm (36.3%) and

VP MLP TN

Total moderate-to-late preterm (25.8%) neo-
Pattern Left Right Left Right Left Right Hemispheres  nates. The type 5 and type 6 anatomic
Typel 28(333%) 42(50%) 15(48.4%) 20(64.5%) 36(72%) 32(64%) 173 patterns were the least frequent and
Type2  4(48%)  6(7%)  4(129%)  0(0%) 2 (4%) (6%) 19 were exclusively observed in very pre-
Type3 36(42.9%) 25(29.8) 9(29%)  7(22.6%) 10(20%) 13(26%) 100
Typed  7(82%)  4(48%) 3(97%)  1(32%)  204%)  2(4%) 19 term and moderate-to-late preterm
Type5  5(6%) 2(24%)  0(0%) 2(65%)  0(0%) (0%) 9 neonates.
Type 6  4(4.8%) 5(6%) 0(0%) 1(3.2%) 0(0%) (0%) 10 Table 3 provides frequencies and

Note:—MLP indicates moderate-to-late preterm neonates; TN, term neonates; VP, very preterm neonates.

@84 VP neonates; 31 MLP neonates; 50 TN neonates.

Table 3: Frequencies and percentages of interhemispheric
symmetry and asymmetry patterns in the 3 groups of neonates

Total
VP MLP TN Neonates
Pattern
Interhemispheric 34 (40.5%) 15(48.4%) 33 (66%) 82
symmetry
Interhemispheric 50 (59.5%) 16 (51.6%) 17 (34%) 83
asymmetry
Total neonates 84 31 50 165

Note:—MLP indicates moderate-to-late preterm neonates; TN, term neonates; VP,
very preterm neonates.

neonates presented brain lesions and a pathologic clinical history,
37 MR images were affected by motion artifacts, and the remain-
ing 73 neonates lacked SWI venography.

Thus, MR imaging studies of 115 of 248 (46%) preterm neo-
nates and 50 of 83 (60%) term neonates (13 females; average
gestational age, 39 weeks; range 37-41 weeks) were included in
this study. Eighty-four of 115 (73%) preterm neonates were very
preterm (40 females; average gestational age, 28 weeks; range,
23-32 weeks), and 31 of 115 (27%) were moderate-to-late pre-
term neonates (19 females; average gestational age, 34 weeks;
range, 32-36 weeks). Six pairs of female monozygotic twins
were identified among the selected neonates; 1 pair was very
preterm (gestational age, 26 weeks) and 5 pairs were moderate-
to-late preterm (average gestational age, 34 weeks; range 32-36
weeks).

Qualitative Analysis of SV

The consensus reading was necessary in 11 of 165 (6.6%) neonatal
hemispheres (3 very preterm, 4 moderate-to-late preterm, and 4
term). In all discordant cases, the consensus reading was necessary
to define the site of ASV-ICV junction to distinguish type 3
and type 4 patterns (9 of 11 hemispheres were finally assigned to
the type 3 pattern).

No gestational-age difference was observed between the group
of males (n = 91) and females (n = 74; P = .653). Moreover, no
significantly different frequencies of SV patterns were observed
between male and female neonates (P = .962).

The frequencies and percentages of each SV anatomic pattern
for the 3 groups of neonates are reported in Table 2. A significant
difference was noticed between the 6 anatomic patterns according
to gestational age at birth (x> = 22.977; P = .011). The classic
anatomic pattern (type 1) was more frequent in term neonates
(68%) than in both very preterm (41.7%) and moderate-to-late
preterm neonates (56.5%). The type 3 pattern was the most fre-

percentages of interhemispheric asym-
metry of SV pattern for the 3 groups of
neonates. A significant age difference
was observed between the symmetric and asymmetric pattern (x*
= 8.194; P = .017). The asymmetric pattern was observed more
frequently in very preterm (59.5%) and moderate-to-late preterm
neonates (51.6%) than in term neonates (34%). Furthermore, the
right hemisphere of very preterm and moderate-to-late preterm
neonates more frequently presented the classic SV pattern (type 1)
than the left hemisphere. Accordingly, the left hemisphere com-
monly showed variations from the classic patterns.

The analysis of the SV pattern performed on the 6 pairs of
monozygotic twins identified different SV patterns between sib-
lings in 5 of 6 pairs (83.3%).

DISCUSSION

The anatomy of the cerebral deep venous system is highly variable
in humans. In adults, a systematic observation of the cerebral
venous system on MR images has revealed a great anatomic vari-
ability of the deep venous system."” Four types of deep venous
anatomic variants, according to the locations of the ASV-ICV and
TSV-ICV junctions in adult brains (types 1-4), have been de-
scribed to date.”'® The present study with SWI venography dem-
onstrates that the deep venous system of the neonatal brain shows
an even larger spectrum of anatomic variants. In particular, the
present classification included 2 additional patterns characterized
by the simultaneous presence or absence of both TSV and DLV
(types 5 and type 6, respectively). Furthermore, in this classifica-
tion, the posterior location of the ASV-ICV junction relative to
the foramen of Monro (types 3 and 4) was not related to an ab-
normal course of the TSV, but it was considered an anatomic
marker of a prominent DLV.

The presence of so many possible anatomic variants likely re-
flects the complexity of the development of the deep venous sys-
tem. Indeed, the evolution of cranial veins falls into an orderly
sequence related to the changing environment of the fetal brain.
The venous drainage in early stages of brain development occurs
through the superficial pial venous network in a centrifugal direc-
tion. The appearance of the deep venous system is concomitant
with the expansion of the cerebral hemispheres and seems to be a
necessary circulatory adjustment to the thickening of the periven-
tricular white matter, which encourages an additional centripetal
blood flow." SV are thought to be derivatives of the primitive
choroid veins (superior and inferior) that are tributaries of the
ICV. As the hemispheres expand, complex mechanisms of inte-
gration between the venous structures of the primitive choroid
plexus occur, determining the relatively high frequency of varia-
tion of SV in the normal neonatal brain.'”

AINR Am J Neuroradiol 37:2144—-49  Nov 2016  www.ajnr.org 2147



To our knowledge, this is the first study using SWI venography
to identify and characterize the venous phenotype associated with
preterm birth. The analysis of the SV anatomy of preterm and
term neonates revealed significant differences. As expected, the
most frequent pattern of SV anatomy matched its classic defini-
tion (type 1) in all groups of neonates (ie, the SV were symmetric
in both hemispheres, and the TSV was present bilaterally with the
ASV-ICV junction located near the foramen of Monro). Con-
versely, we demonstrated that preterm neonates more frequently
presented variations from this pattern. In particular, in very pre-
term neonates, the DLV replaced a hypoplastic TSV (type 3) with
higher frequency than in both moderate-to-late preterm and term
neonates (36.3%, 25.8%, and 23%, respectively).

The increased variability of the SV pattern in association with
preterm delivery might be explained by the modifications of the
environment and angiogenetic factors affecting vascular develop-
ment after birth. In fact, cerebral vessel development is highly
influenced by oxygen levels and fatty acid concentrations.'®**
Preterm neonates are delivered into a relatively hyperoxic envi-
ronment compared with the oxygen levels in the uterus, where
relative hypoxia stimulates vessel growth and development. In
addition, preterm neonates are deficient in numerous factors nor-
mally passed over the placenta during the third trimester of preg-
nancy, including the essential fatty acids, which are structural and
functional constituents of cell membranes and play a fundamen-
tal role in vascular development and function.>?

Intriguingly, in the present study, the proportions of anatomic
variants of SV were equally spread among male and female neo-
nates. Sex differences in brain anatomy are known to be present
already at birth. In particular, males have greater intracranial and
cortical gray-matter volumes than females, and they present
larger cranial circumference.”* The absence of sex differences in
the anatomic pattern of SV in the present study further suggests
that brain venous development is not only genetically deter-
mined, but also might be influenced by perinatal environmental
factors. This hypothesis is also supported by the presence of dif-
ferent SV patterns in almost all pairs of monozygotic twins
(83.3%). Similarly, previous MR studies on monozygotic twins
showed high variability in the cortical pattern, thus underlying the
strong influence of epigenetic factors on CNS development.*>>°

We also found a high age-dependent interhemispheric vari-
ability of the SV patterns, with very preterm and moderate-to-late
preterm neonates presenting an asymmetric SV pattern with
higher frequency than term neonates. Hemispheric anatomic
asymmetries were first observed in postmortem studies on the
fetal and premature cortex, showing that some areas of the right
hemisphere mature quicker than the corresponding areas in the
left hemisphere.”””*®* More recent MR imaging studies demon-
strated that left—right hemispheric asymmetries in infants are re-
gion-specific. For instance, the superior temporal sulcus develops
earlier in the right hemisphere,”” and the Broca area develops

1’ demonstrated

earlier in the left hemisphere.” Recently, Lin et a
hemispheric asymmetries and regional differences in cerebral ox-
ygen metabolism, blood flow, and blood volume with near-infra-
red spectroscopy in premature and term neonates. In particular,
they found a higher metabolism and perfusion in the right hemi-

sphere, especially in preterm neonates, supporting current theo-
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ries about the delay in maturation of the left hemisphere at
birth.”>? Interestingly, in the present study, preterm neonates
presented the classic SV pattern (type 1) with higher frequency in
the right than in the left hemisphere. Considering that the left
hemisphere matures later and, thus, is more exposed to the influ-
ence of postnatal epigenetic factors, we hypothesize that the vari-
ations from the classic SV pattern might represent different forms
of a delayed venous development, whereas the type 1 SV pattern
might be considered a marker of maturation of the brain struc-
tures. Nevertheless, the relationship between development, mor-
phology, and function of the SV itself remains speculative and is
worthy of future investigation. In particular, because the degree of
prematurity remains a main risk factor for hemorrhagic brain
injury,'* further studies are needed to explore if the wider vari-
ability of SV patterns in very preterm neonates have implications
for the development of these lesions.

CONCLUSIONS

MR SWI venography represents an in vivo, noninvasive method
able to describe morphologic, positional, and numeric variants of
SV in neonates. In this study, we provided the frequencies of 6
different anatomic patterns in very preterm, moderate-to-late
preterm, and term neonates with normal brain MR imaging and
demonstrated a significant age difference in SV pattern distribu-
tion, likely related to the influence of preterm birth and epigenetic
factors on deep venous system development.
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