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> The fetal brain is substantially different from the
neonatal brain in terms of its structure and con-
nectivity. Fetal MRI, beginning at 16-18 GW
(gestational weeks), can be used to study fetal
brain development and maturation in vivo.
T2-weighted (T2W), T1-weighted (T1W), and
diffusion-weighted (DW) imaging sequences
can be used primarily to demonstrate morphol-
ogy, parenchymal lamination, sulcation and
gyration, the width of the subarachnoid spaces,
and the size and shape of the midline structures.
It is essential to understand MR signal changes
associated with maturation, including the appear-
ance and disappearance of transient structures,
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the underlying histological development of the
fetal brain as well as the timing of development
of landmarks in maturation in order to interpret
normal and abnormal findings. It is the basis for
understanding how neurogenetic development
can be disrupted during vulnerable periods by
different pathological processes, and how genet-
ically controlled events in development corre-
late with functional development. The
maturational stages of the fetal cerebral cortex,
white matter, temporal lobe, and cerebellum,
including structures that appear transiently in
the developing brain as shown by various MR
sequences, will be reviewed in this chapter.
]

1 Introduction

Ultrasound remains the primary imaging method of
choice in the first and early second trimesters and has
been used to demonstrate landmarks in the develop-
ment of the brain, and in particular developmental tim-
ing of sulcation of the cortical mantle (Toi et al. 2004).
Newer generation technology is beginning to allow
visualization of individual zones of cortical develop-
ment (Fig. 1). However, the ability to visualize the
entire brain is inherently limited due to the physical

Fig. 1 Coronal view through the frontal horns using ultrasound
at 1943 GW (a) and T2-weighted MRI at 21 GW (b). High-
resolution ultrasound technology allows visualization of indi-
vidual zones of cortical development. However, the ability to

impedance of the cranial vault. MRI can, in contrast,
provide information both about gross anatomical struc-
tures as well as histological microstructure.

Histological changes in tissue composition result in
decreased water content and increased cell density (the
latter mainly in the gray matter), which are reflected in
shortening of T1 and T2 relaxation times, and corre-
spondingly increased T1-weighted (T1W) signal inten-
sity and decreased T2-weighted (T2W) signal intensity.
Secondly, differences in microanatomical structures
can be demonstrated by diffusion-weighted (DW) aniso-
tropy, as well as premyelination of axons which affect the
appearance of structures on DW sequences. Sequences
used must provide optimal contrast at the respective ges-
tational ages, and must reflect tissue properties such as
cell density and impending myelination. In addition, pro-
ton spectroscopy can provide metabolic information, and
assessment of fetal movement can be correlated with
functional development of neural structures.

Imaging of the fetal brain has been done from the
beginning of in vivo MRI (Daffos et al. 1988), relying
upon the T2-weighted contrast between CSF spaces
and brain which allowed accurate assessment of the
development of the brain surface. This permitted the
assessment of timing of normal sulcation and gyration
(Garel et al. 2001).

Subsequently, in vitro studies of fetal brain devel-
opment recognized that the fetal brain parenchyma
before about 28 gestational weeks (GW) had a differ-
ent appearance of cortical layering than that of older

w

visualize the entire brain is limited due to ossification of the cra-
nial vault. Visible layers include the ventricular zone (black
arrowheads), the intermediate zone (black arrows), the subplate
(white arrows), and the cortical plate (white arrowheads)
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fetuses (Kostovic et al. 2002). The morphological
characterization of the different layers of the fetal brain
parenchyma before 28 GW requires high-resolution
T2-weighted contrast and/or diffusion-weighted infor-
mation. T1-weighted contrast was shown to visualize
regions of higher cell density, compared with sur-
rounding structures (Brugger et al. 2006). Based on
anisotropy that is present already in premyelinating
white matter tracts (Wimberger et al. 1995), diffusion-
tensor imaging and fibertracking can be performed
(Kasprian et al. 2008). In addition, patterns of normal
fetal movement and behavior have been defined, and
can be documented using dynamic MR techniques.

2 Supratentorial Cortical Development

The primitive cerebral hemispheres are first seen at
about 5 GW (3 GW after conception) as bilateral ves-
icles that protrude from the sides of the telencephalon
in the area of the foramina of Monro (Muller and
O’Rahilly 1988). The forebrain consists of the dorsal
telencephalon or pallium which develops into the
cerebral cortex and hippocampus, and the ventral tel-
encephalon or subpallium which gives rise to the
striatum and globus pallidus. The diencephalon gives
rise to the thalamus and hypothalamus. In the initial
stages, the wall of the cerebral vesicles is composed
of a single layer of neuroepithelial cells (Marin-
Padilla 1990). The cerebral vesicles grow and expand
as neuroepithelial cells, located in the germinal ven-
tricular zone, divide to form future cortical neurons
beginning at 5 GW (Fishell et al. 1993; Levitt 2003).
Layers of cells develop in the vesicles as they expand,
forming the germinal matrices which are the origin of
cells that will form the cerebral cortices. Initially, the
germinal matrices are composed of a single zone, the
ventricular zone. These cells are direct descendents
of the neural plate, and differentiate into glial cells
and neuroblasts (Brazel et al. 2003). The cortical
plate begins to appear after the seventh gestational
(fifth postconception) week, in the lateral aspect of
the hemispheric wall (Bystron et al. 2006). At this
stage, the forebrain wall contains two layers. The
deeper layer consists of neuroepithelial cells and is
termed the ventricular zone or germinal matrix. The
more superficial layer is the preplate, which gives rise
to the future cortex.

The vesicular walls are thin and are joined by the
lamina terminalis in the midline. Cortical predeces-
sor cells are thought to originate from the basal tel-
encephalon, and migrate tangentially to the pia,
arriving before cells from the ventricular zone begin
radial migration to the preplate (Bystron et al. 2006).
The cortical predecessor cells join neurons formed in
the ventricular zone which migrate radially into the
preplate, as well as Cajal-Retzius cells and neurons
that have arrived by means of tangential migration
(Bystron et al. 2008). The ventricular zone subse-
quently generates the first postmitotic or “pioneer”
neurons that migrate radially into the preplate, divid-
ing the preplate into two zones, the superficial mar-
ginal zone and the deeper subplate zone (Super and
Uylings 2001). The outermost portion of the cortical
plate is the marginal zone, and will become the future
layer 1 of the mature cerebral cortex (Marin-Padilla
1990). Layer 1 also results from the first postmitotic
cells from the ventricular zone (Samuelsen et al.
2003). It influences the laminar organization of the
future cerebral cortex (ten Donkelaar 2000). This
coincides with the end of the embryonic period and
the beginning of the fetal period.

The germinal ventricular zone is the source of
cells during embryonic and early fetal life. However,
the subventricular zone, which is formed by the ven-
tricular zone, increasingly becomes the source of
neurons and glial cells when the ventricular zone
begins to disappear in the third trimester (Brazel
et al. 2003).

The ventricular zone generates waves of postmi-
totic neurons which migrate along radial glial cells,
and form individual layers of neocortex. The ven-
tricular zone produces deep-layer neurons of the
future six-layer cortex, and the subventricular zone
generates more superficially located neurons
(Zecevic 1993). Layer 6 forms between the subplate
and Cajal-Retzius cells. Layer 5 then forms between
layer 6 and the marginal zone, resulting in forma-
tion of the cortex in an inside-out fashion (Marin-
Padilla 1990).

Subsequently, the subventricular germinal zone
develops laterally, separate from the ventricular
zone, and is located between the ventricular zone and
the intermediate zone. It also contains GABAergic
interneurons originating in the lateral ganglionic emi-
nence (in the third ventricular walls). These migrate
tangentially to the walls of the lateral ventricles before
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radial migration to the developing neocortex (Letinic
et al. 2002; Marin and Rubenstein 2003). Migration
to the developing cortex is complete for the most part
by 26 GW (Marin-Padilla 1990). It is therefore evi-
dent that neuronal migration is occurring at a gesta-
tional age when fetal imaging is performed for clinical
purposes.

There are four distinct areas within the ventricular/
subventricular zone which include the medial, lateral,
and caudal ganglionic eminences; and the neocortical
subventricular zone. The ganglionic eminences are
focal areas of thickening in the ventricular/subventric-
ular zone which protrude into and shape the lateral
ventricles (Brazel et al. 2003). The ganglionic emi-
nences give rise to neurons which form the transient
gangliothalamic body, parts of the amygdala, the basal
nucleus of Meynert, the basal ganglia, and the thala-
mus (Letinic and Kostovic 1997; Ulfig 2002).

After 17 GW, the brain contains seven histological
layers that are visible on in vitro MR images (Kostovic
et al. 2002). These layers mature and evolve in thick-
ness and number until 36 GW. At 18 GW, the ventri-
cles appear prominent relative to the thickness of the
cortex (Farrell et al. 1994). As gestation progresses,
the thickness of the cortical mantle increases relative
to the ventricle while the ventricular size remains

unchanged (Prayer et al. 2006). As the basal ganglia
enlarge, the ventricles assume their typical configura-
tion. There is, therefore/subsequently, a relative decrease
in size of the ventricles between 18 and 24 GW. Sulcation
and gyration subsequently contribute to growth and
increased thickness of the cortical mantle (Prayer et al.
2006) (Fig. 2).

Before 20 GW, a cortical plate forms within the pre-
plate and gives rise to cortical layers 2—4 (Marin-
Padilla 1998). Neurons migrate in radial as well as
tangential fashion, with an exponential increase in
numbers of cells (Corbin et al. 2001; Samuelsen et al.
2003; Fogliarini et al. 2005). The subplate zone, also
known as layer 7 of the developing cortex, is visible
beneath the cortical plate, and is a transient structure
that is widest at 22 GW and cannot be delineated on
fetal MR after 30 GW (Kostovic et al. 2002). It is
formed when the preplate is divided by radial migra-
tion of streams of neurons from the ventricular zone.
Neurons in the subplate are derived from the deepest
layer of the preplate and are among the oldest popula-
tion in the forebrain. The subplate contains a heteroge-
neous population of neurons with abundant extracellular
matrix containing neurotransmitters and transient syn-
apses (Bystron et al. 2008). Within the subplate layer,
neurons are able to form temporary circuits between

Fig. 2 Axial (upper line) and coronal (lower line) T2-weighted
sequences of fetuses at 18+1 (a, e), 20+4 (b, f), 22+1 (¢, g), and
24+0 (d, h) GW. Note the width of the ventricles and the thin

brain parenchyma in the 18 GW fetus (a, e). Later, the thickness
of the cortical mantle increases whereas the size of the ventricles
decreases (b—d, f-h)
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thalamus and cortex (Arber 2004). Cells are derived
from the ventricular zone, the marginal zone, and the
cortical plate (Kostovic et al. 1995).

Numerous functions have been attributed to the sub-
plate zone, including that of an accumulation and wait-
ing area for axons predetermined to synapse in the
developing cortex, while their target cells migrate to the
cortical plate, after which the axonal connections are
established. This is important in the development of
thalamocortical and other cortical afferent connections
(Sur and Rubenstein 2005). The fetal white matter
(external capsule fibers of the intermediate zone) forms
the inferior border of the subplate (Kostovic et al. 2002).
Subplate thickness varies in different locations of the
brain. As axons move from the subplate to synapse in
the cortex, the subplate progressively disappears after
34-36 GW (Kostovic and Jovanov-Milosevic 2008).
The extracellular content of the subplate also decreases
(Rados et al. 2006). Some cells persist as interstitial
neurons in the subcortical white matter (Kostovic and
Jovanov-Milosevic 2008).

In beginning of the preterm phase (26-33 GW), the
subplate is very thick and can be easily distinguished
from the cortical plate. After 34-36 GW, the subplate
becomes thin and less well delineated from the corti-
cal plate (Kostovic and Vasung 2009). The function of
the subplate at this stage is related to the development
of thalamocortical synaptic connections that form the
first sensory circuitry which may be involved, for
instance, in early pain processing (Lowery et al.
2007). Synaptogenesis increases with the develop-
ment of the subplate (Kostovic et al. 1995). Due to the
formation of specific axon-target interactions, neu-
rons are “locked into position” once migration is com-
plete (Samuelsen et al. 2003).

2.1 MRI Findings of Supratentorial
Cortical Development

At 16 GW, in vitro, three layers can be differentiated
in the cortical mantle by MRI, with the innermost and
outermost layer appearing bright on T1-weighted and
diffusion-weighted, and dark on T2W images. The
intermediate layer shows relatively low signal on TIW
images and high signal on T2W images compared to
the inner and outer layers, corresponding to the interme-
diate zone which contains sparse neuroglial cells (Brisse

et al. 1997). These layers, representing the ventricular/
periventricular/subventricular zone, subplate and corti-
cal plate (Kostovic et al. 2002), are difficult to delineate
in vivo before GW 17-18. The intermediate zone, seen
as a band between the ventricular/periventricular/sub-
ventricular zone, is usually detectable with intermediate
signals of the respective sequence at the level of the
frontal horns. After 17-18 GW, the cerebral mantle
appears multilayered on in vitro as well as in vivo MR
images until about 28-30 GW (Girard and Raybaud
1992; Chong et al. 1996; Brisse et al. 1997; Kostovic
etal. 2002; Garel et al. 2003, 2004; Glenn and Barkovich
2006; Prayer et al. 2006) (Fig. 3). These layers are
described as follows:

1. Ventricular zone — On T2W images, the germinal
zone is hypointense, whereas, on TIW images it is
hyperintense due to the high density of cell nuclei
(Kinoshita et al. 2001; Maas et al. 2004) (Fig. 3a—d).
It is of high signal intensity on DW images and is
associated with a low ADC and medium-graded
fractional anisotropy on scans of preterm neonates
(Maas et al. 2004). The band of high signal intensity
on DW source images, correlating with a dark band
on ADC maps, corresponds with the intermediate,
subventricular, periventricular, and germinal zone
(Maas et al. 2004). (Fig. 3e). The hyperintensity may
be due to high cell density as well as microvascular-
ity which is more prevalent in the germinal zone
than any other part of the developing brain (Ballabh
et al. 2004), as well as the lack of radial organization
(Maas et al. 2004).

2. Subventricular zone — The subventricular zone is thick
in the frontal area and can be differentiated from other
layers (Zecevic et al. 1999) (Fig. 3b). The subventric-
ular zone contains germinal matrix that increases cell
production as the ventricular zone disappears.

3. Intermediate zone — The intermediate zone is of
slightly lower T1 signal intensity relative to the sub-
plate layer (Widjaja et al. 2010a), between the sub-
plate and the subventricular zone. (Fogliarini et al.
2005) (Fig. 3d). Together with the subventricular
zone, it appears as a band of somewhat hypointense
T2 signal subplate layer relative to ventricular zone
and cortex (Fig. 3a—). The intermediate zone con-
tains axonal strata (Kostovic and Judas 2002) contain-
ing migratory neurons and glial cells, which results in
moderate signal intensity on both T1 and T2W images
(Kostovic and Vasung 2009) (Fig. 3a, d).
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Fig. 3 T2-weighted sequences of a 20+4 GW fetus ((a) coronal
T2 (b) axial T2 (c) sagittal). Note the layered organization of the
fetal brain. The cortical plate (CP) appears hypointense, the sub-
plate (SP) is hyperintense. The slim hypointense intermediate

4. Subplate — The subplate zone has high water con-
tent due to extracellular matrix (Kostovic et al.
2002). On T2W images, the subplate is hyperin-
tense (Fig. 3a—c), and it is hypointense to the corti-
cal plate on T1W images (Fig. 3d). The subplate is
hypointense on DW source images, and does not
show evidence of anisotropy (Fig. 3e). These typi-
cal findings may be due to the amount of extracel-
lular matrix and by the presence of axons that are
not uniformly aligned and do not allow anisotropic
behavior. The subplate band is thinner on DW
images than on T2W sequences. (Fig. 3a, e). This
reflects the inhomogeneity of the subplate due to
fiber bundles which curve as they emerge from the
thalamus (Prayer et al. 2006).

5. Cortical plate — The developing cortex appears
hypointense on T2W images and hyperintense on
T1W sequences relative to the subplate (Fig. 3a—d).
On DW sequences, the cortical plate shows aniso-
tropic behavior since it contains radially oriented

zone (IZ) and the hypointense ventricular zone (VZ) follow. On
T1-weighted images the cortical plate is hypointense ((d) coro-
nal). On diffusion-weighted sequences ((e) coronal), the cortical
plate appears anisotropic

migrating neurons (McKinstry et al. 2002; Maas
et al. 2004) (Fig. 3e).

The layered appearance of the brain persists until
around 28 GW, when decreasing T2W hyperintensity
and increasing hypointensity of the subplate zone
becomes isointense to the intermediate zone, and thus
cannot be differentiated (Fig. 4). Alteration in lamina-
tion between 20 and 25 GW is due to gradual reduction
in high T1 signal intensity and increase in low T2 sig-
nal intensity from about 22 weeks, found in both post-
mortem brains as well as antenatal T2W images
(Widjaja et al. 2010b). This occurs prior to the histo-
logical disappearance of the subplate zone. The change
in signal properties is most likely due to decreased
water content of the extracellular matrix due to
increased cellularity as axons “wait” in the upper sub-
plate zone before moving to the more superficial devel-
oping cortex, as well as increased thickness of deep
projecting fibers (Rados et al. 2006). The subplate
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Fig. 4 T2-weighted fetal images at 20+4 (a), 28+1 (b), and
36+6 (¢) GW. Upper images are in the axial plane, lower images
are coronal. The subplate becomes isointense to the intermediate

persists longest in the frontal and temporal lobes on
histological studies, and this has been observed in vivo
as well (Rutherford et al. 2008) (Fig. 4).

Changes in cortical mantle development are also
reflected in DW images. Mean diffusivity decreases in
white matter with increasing gestational age and corti-
cal thickening, due to synaptogenesis (Prayer and
Prayer 2003; Bui et al. 2006; Manganaro et al. 2007;
Schneider et al. 2007, 2009). Anisotropy disappears
first in the central areas, then occipital cortex, and per-
sists in the frontal and temporal areas until 35 GW
(McKinstry et al. 2002; Maas et al. 2004; Fogliarini
et al. 2005) (Fig. 5). DW imaging has also shown evi-
dence of faster maturation of the right-sided frontal
cortex relative to the left side, based on different values
of fractional anisotropy (Gupta et al. 2005).

The appearances of the developing brain as well as
biometric norms have been evaluated in a number of
studies (Garel et al. 2003; Parazzini et al. 2008; Chung
et al. 2009; Tilea et al. 2009).

zone with increasing gestational age and cannot be differenti-
ated. Arrows indicate areas where the subplate persists longest

3 Normal Sulcation and Gyration

Proposed hypotheses to explain the mechanisms of
sulcal formation include sulcation resulting from corti-
cal growth (Toro and Burnod 2005), variable growth
between inner and outer cortical layers, and mechani-
cal pulling by tethered axonal and glial fibers (Van
Essen 1997; Hilgetag and Barbas 2005). Gyral devel-
opment is most rapid in areas of sensory and visual
pathways, which are the first areas to myelinate
(Barkovich et al. 1988). Since sulcation is more pre-
dictable and uniform in areas of basic function such as
motor and visual cortex, and more variable in areas of
higher cortical function, sulcal formation may be
related to variability and complexity of cortical con-
nections (Fischl et al. 2008). Asymmetry in sulcation
between right and left hemispheres, for example, with
the left Sylvian fissure being longer than the right, has
been noted both postmortem in fetuses (Chi et al. 1977)
as well as on fetal MRI (Prayer et al. 2006; Chung
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et al. 2009; Kasprian et al. 2010). Gyral development
is later in the frontobasal, frontopolar, and anterior
temporal areas, which are also slower to myelinate and
to become metabolically mature (Penrice et al. 1996).
Cortical gyration occurs relatively late in fetal life. In
the first half of gestation, the brain has a smooth, lissen-
cephalic surface (Fig. 6a, b). In the second half of preg-
nancy, the brain surface gradually becomes more complex
with a specific pattern of rapid development of gyri and
sulci in the third trimester. Sulcation has been divided
into 3 groups based on time of appearance and individual
variability: primary, secondary, and tertiary. Primary
sulci develop in parallel with the growth of the cerebral
hemispheres, and are thought to reflect normal neuro-
genesis and orderly neuronal migration. The develop-
ment of secondary sulci occurs at the same time as
synaptogenesis begins to develop in the cortical plate.

Developmental appearance and localization of pri-
mary sulci are characterized by major cellular prolif-
erative events. The appearance of the primary sulci
coincides with thalamocortical axons reaching their
destinations in the cortical plate (Kostovic and Judas
2002). As the cortex matures, the fissures and sulci
become deeper, and the gyri expand. After 24-26
GW, gyration accelerates, and long corticocortical
connections become established, characterized by the
appearance of secondary sulci. (Kostovic 1990;
Kostovic and Judas 2002, 2006). Tertiary sulcation
begins after 28 GW (Garel et al. 2004; Fogliarini
et al. 2005). At term and after birth, short corticocor-
tical fibers reach their targets and the brain biomes
highly convoluted with the development of highly
variable tertiary sulci (Kostovic 1990; Kostovic and
Judas 2002, 2006).

Fig.5 Coronal diffusion-weighted sequences of fetuses at 20+4
GW (upper) and at 36+6 GW (lower). On the left are similar
T2-weighted sequences. Note the changes in cortical mantle,

particularly the disappearance of anisotropy and of the different
layers (lower line)

Fig. 6 T2-weighted sequences of fetuses at 20+4 GW ((a) left
image, axial; right image, coronal) and at 24+0 GW ((b) left
image, axial; right, coronal). Before 24 GW, the brain is agyric,

and only the widely open obtusely angled Sylvian fissures can
be recognized (arrows)
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Since the appearance and development of sulci in
the fetal brain follows a predictable pattern, the degree
of sulcation may be used as an indicator of gestational
age-related cortical development, both at autopsy and
in vivo with fetal MRI (Chi et al. 1977; Dorovini-Zis
and Dolman 1977; Garel et al. 2001, 2003). However,
there is no clear consensus as to whether external land-
marks of sulcation are reliable for gestational age esti-
mation (Kostovic and Vasung 2009). This may in part
be ascribed to inaccuracies in dating the autopsy speci-
mens themselves in studies in which comparisons are
based, different techniques for examining the fetal
brains, and limited numbers of specimens in the stud-
ies. In particular, some postmortem studies of brain
maturation rely on last menstrual period as the sole cri-
terion of gestational age. One study (Chi et al. 1977)
included specimens with a gestational age of 44 GW,
which in itself probably reflects substantial errors in
dating pregnancies. Moreover, delayed sulcation of
2-3 GW in twins before 32 GW as compared to single-
ton gestations, as well as asymmetry of maturation of
the hemispheres, with the sulci appearing 1-2 GW ear-
lier on the left side than the right side, introduces fur-
ther error in establishing gestational age. Sulcation
on fetal MRI appears to temporally lag by an average
of two GW when compared with autopsy specimens
(Levine and Barnes 1999; Garel et al. 2001, 2003).
Comparisons may also be discrepant due to limitations
in resolution of fetal MRI due to minimum voxel size
and partial volume averaging (Chung et al. 2009).
Also, there is a 2-week difference in when a sulcus can

be detected initially, and when it can be recognized in
75% of fetuses (Garel et al. 2001). Cortical maturation
has been assessed using sonography in both preterm
neonates (van der Knaap et al. 1996; Dubois et al.
2008)and in the antenatal population (Toi et al. 2004).

3.1 MRI Appearance of Sulcation

Cortical gyration begins to be visible on MR images at
18 GW, starting with the shallow bitemporal indenta-
tions of the future Sylvian fissures. Before 24 GW, the
brain is agyric apart from the widely open, obtusely
angled Sylvian fissures (Fig. 6). The brain is very small
and the cortex is extremely thin, therefore thin imaging
sections are required (3 mm or less). By 23 GW,
Sylvian fissures are more angular, and the parietooc-
cipital sulcus and the callosal sulcus are detected in
75% of fetuses (Garel et al. 2001, 2003, 2004) (Fig. 7).
The calcarine sulcus is visible by 24-25 GW in 75% of
fetuses, and the central sulcus by 26 GW in 75%. The
precentral and postcentral gyri can be identified in
75% by 27 and 28 GW, respectively. All primary and
some secondary sulci are visible on fetal MRI by 34
GW (Garel et al. 2001, 2003; Garel 2004; Garel et al.
2004). Since very little sulcation is present prior to 24
GW, a suspected sulcal abnormality should be assessed
later in gestation, ideally after 28 GW, when most of
the primary sulci should be visible.

Fig.7 Sagittal T2-weighted sequences of a fetus at 24+0 GW (a) and 32+0 GW (b). On image (a) the parieto-occipital sulcus (black
arrow) and the calcarine sulcus (white arrow) are visible. Note the cingulate gyrus on image (b)
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4 Development of the Temporal Lobe

A primordial hippocampus and hippocampal fissure
begin to develop on the medial aspect of the telencepha-
lon from the dorsal part of the lamina reuniens of His
and can be identified histologically in the ninth GW
(Rakic and Yakovlev 1968). Hippocampal cells originate
from the ventricular zone of the dorsal forebrain and
migrate radially to establish the temporal lobe. In addi-
tion, cells arise from the ganglionic eminence of the ven-
tral forebrain and migrate tangentially to the cortical
plate of the developing hippocampus, which is formed in
an “inside-out manner” (Marin and Rubenstein 2003).
At 17-24 GW, the hippocampal formation displays a
characteristic convoluted appearance and progressive
narrowing of the cortical plate (Rados et al. 2006). In
vitro, the hippocampal formation is the only part of the
cerebral cortex in which the marginal zone is thick

enough to be visualized by MRI. The increased thick-
ness is due to transiently enlarged extracellular spaces,
similar to that in the transient subplate zone elsewhere
(Kostovic 1990). It forms a thin stripe of low signal on
T1W images superficial to the hippocampal cortical
plate which has high signal intensity (Rados et al. 2006).
At 13-14 GW, on in vitro MR, the unfolded hippocam-
pus surrounds the widely open hippocampal sulcus (hip-
pocampal fissure) on the medial surface of the temporal
lobe (Kier et al. 1997). At 15-16 GW, the dentate gyrus
and cornu ammonis begin to fold inward. The hippocam-
pal sulcus remains open, and the parahippocampal gyrus
is larger and more medial in position. By 18-20 GW, the
hippocampus begins to assume a more adult configura-
tion, with the dentate gyrus and cornu ammonis folded
within the temporal lobe (Fig. 8 ). The hippocampal sul-
cus is narrow and separates the closely apposed hip-
pocampus and subiculum (Kier et al. 1997).

Fig.8 Development of the hippocampus in coronal T2-weighted
sequences of fetuses at (a) 18+1, (b) 20+4, (c) 24+3, (d) 31+1,
and (e) 36+6. Note the hypointensity of the hippocampus and
amygdaloid complex (white arrows). First the hippocampus

shows a vertical position (S-shaped), and then it rotates and
appears as a horizontal structure. Note also the development of
the hippocampal sulcus (c—e)
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At 15 GW, the hippocampus has the appearance of
an upright “S” shape. Between 15 and 24 GW, there is
cell proliferation and horizontal migration (Arnold and
Trojanowski 1996). The vertical orientation of the hip-
pocampus undergoes progressive rotation until 22-24
GW when it appears more horizontal and inferomedial
position in the temporal horn. Subsequently, the vol-
ume of the hippocampus increases due to increased
numbers of glial and endothelial cell components.

Fornical connections occur as early as 10-11 GW
with the exchange of fibers across the midline (Raybaud
2010). In the third trimester, hippocampal fiber con-
nections are established as the hippocampal network
matures. Gamma-aminobutyric acid (GABA)ergic
interneurons are thought to play an excitatory role in
the maturation of the hippocampal network (Ben-Ari
et al. 2004). Activity in the hippocampal or neocortical
networks is present in late gestation in primates
(Khazipov et al. 2001).

4.1 MRIFindings of Temporal
Lobe Development

In vitro, the hippocampus is a hypointense structure
along the medial surface of the temporal lobe on T2W
sequences, adjacent to the hippocampal sulcus (Kier
etal. 1997) (Fig. 8). The hippocampus has a thick mar-
ginal zone, visible as a zone of T2W hyperintensity
and low T1W intensity on postmortem images (Rados
et al. 20006).

Coronal T2W images can provide information
about hippocampal development in vivo (Kasprian
2006). At 18 GW, the hippocampus is hypointense
and has a slim “S-shaped” appearance. The hip-
pocampal sulcus appears as a deep horizontal inden-
tation between the parahippocampal gyrus and the
forming cornu ammonis (Prayer et al. 20006). (Fig. 8c—
e). The medial border of the hippocampal sulcus fuses
around 20 GW. The process may be incomplete and
leave residual cysts (Bronen and Cheung 1991; Sasaki
etal. 1993). Coronal T2W images between 20 and 24
GW demonstrate the growth and changing morphol-
ogy of the hippocampus. Initially, the hippocampus is
vertically oriented, and progressively becomes more
horizontal by 22-24 GW (Fig. 8a—c). The degree of
rotation of the hippocampus can be measured on fetal
MR images by using the hippocampal infolding

Fig. 9 Coronal T1-weighted sequence of a fetus (24+0 GW).
The hippocampus appears as a hyperintense structure (white
arrow)

angle, which increases with gestational age (Righini
et al. 2000). After 24 GW, the hippocampus appears
as a horizontally oriented structure at the medial ven-
tricular border of the temporal horn (Prayer et al.
20006) (Fig. 8d, e). Subsequently, the hippocampus
increases in thickness and volume. Hyperintense sig-
nal is visible throughout all areas on axial TIW
sequences (Fig. 9). This probably is a result of the
increasing glial, endothelial, and neuronal cellularity
(Prayer et al. 2006). A focal area of T2W hyperinten-
sity develops in the temporopolar white matter around
28 GW (Prayer et al. 2006), correlating with the
development of the amygdalocortical connections
and temporal cortical plate (Fig. 8).

Gyration of the temporal lobe begins after 24 GW.
The superior temporal sulcus serves as a landmark for
gyral development and correlates well with gestational
age in anatomical studies (Larroche 1981). At 25 GW,
the posterior part of the superior temporal gyrus devel-
ops (Chi et al. 1977) (Fig. 10b), and by 32-34 GW, its
formation is complete (Kasprian 2006). Concurrent
with, or subsequent to, the appearance of the superior
temporal gyrus, the collateral sulcus develops
(Fig. 10a), and all primary sulci are visible by 34 GW
(Garel et al. 2001).

The amygdaloid complex has a hypointense appear-
ance rostral to the temporal horn of the lateral ventricle
on coronal T2W images at 18 GW. The amygdala
appears hyperintense on T1W images and persists
through term. These signal intensities most likely result
from cellularity (Prayer et al. 2006). At 1.5 T, T2W MR
resolution is not adequate to delineate the hypointense
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Fig. 10 T2-weighted sequences of fetuses at 24+4 GW (a) — axial; and at 25+4GW (b) — coronal. On the left image the collateral
sulcus is visible (white arrow). On the right, the T2-weighted image shows the developing superior temporal gyrus (white arrow)

ganglionic eminence inferiorly. Before 31 GW, the
amygdala, piriform cortex, and hippocampal head appear
as a continuous zone of hypointensity in the medial tem-
poropolar area on axial T2W sequences (Fig. 11). When
formation of the anterior temporal lobe gyri begins at 31
GW, growth of the temporal lateral neocortex displaces
this area more posteromedially within the temporal lobe
(Prayer et al. 20006).

5 Transient Structures in the Fetal Brain

The appearances of transient structures in the fetal
brain are critical steps in normal brain development.
Transient structures include the subplate (as discussed
above), the perireticular nucleus, the gangliothalamic
body, and periventricular crossroads (Letinic and
Kostovic 1997; Kostovic and Judas 1998; Ulfig 2000;
Prayer et al. 2000).

The perireticular nucleus contains neurons that
function as guideposts that direct corticothalamic
fibers toward the dorsal thalamus and corticofugal
fibers toward the brainstem (Ulfig 2000). Pioneer
axons originate in the internal capsule and move to the
thalamus, and may provide a framework for thalamo-
cortical connections (Coleman and Mitrofanis 1999).
The perireticular nucleus involutes due to cell

Fig. 11 Axial T2-weighted sequence of a fetus at 29+5 GW.
Note the focal area of hyperintensity in the temporopolar white
matter (white arrow). There is also a continuous zone of hypoin-
tensity in the medial temporopolar area which is formed by the
amygdala, piriform cortex and hippocampal head before 31 GW
(black arrow)
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apoptosis or migration (Earle and Mitrofanis 1996)
and displacement due to expansion of the fibers of the
internal capsule (Tulay et al. 2004). The gangliotha-
lamic body exists between 15 and 34 GW and repre-
sents a stream of migrating neurons between the
ganglionic eminence and the pulvinar thalami. It
regresses most likely as a result of cell migration
(Letinic and Kostovic 1997).

Periventricular crossroads are special areas of periven-
tricular white matter where growing fibers encounter
axonal guidance molecules during growth. Crossroads
result from a transiently increased content of extracel-
lular matrix in association with radial and tangential
migration of immature fibers (Judas et al. 2005). They
are most prominent in the frontal lobe anterolateral to
the frontal horn of the lateral ventricles.

5.1 MRI Findings of Transient Structures

The ganglionic eminence is visible on in vitro MRI
scans at 10 GW (Brisse et al. 1997). The volume
increases until about 26 GW, at which point it begins to
diminish, persisting the longest in the superior gangli-
onic eminence (Kinoshita et al. 2001; Ulfig 2000). The
gangliothalamic body is isointense to the adjacent gray
matter nuclei and ganglionic eminence on MR images.
Lack of DW anisotropy may be due to the nonlinear
direction of the stream of migrating neurons (Prayer
et al. 2006). The MRI appearances of periventricular
crossroads will be discussed in the following sections.

6 White Matter Development

Prospective white matter develops from the second
wave of postmitotic cells generated by cells in the ven-
tricular zone. It appears between the ventricular zone
and the marginal zone and therefore is termed the inter-
mediate zone (Kostovic and Judas 2002; Samuelsen
et al. 2003). The intermediate zone contains growing
axonal pathways and oligodendrocyte progenitors.
Neuronal migration and growth of axons take place
principally in the intermediate zone (fetal white matter)
and the subplate zone between the intermediate zone
and the cortical plate (Rakic 2004). Growing thalamo-
cortical fibers within transient zones and cortical affer-
ent axons are distributed in the intermediate zone (fetal
white matter). They also form an extensive system that
involves the subplate zone and periventricular fiber-
rich zone (Kostovic and Judas 2002; Judas et al. 2005).
Collections of growing axons exhibit two morphologi-
cal patterns: a laminar arrangement (Kostovic and
Judas 2002) and periventricular crossroads (Judas et al.
2005). The cell number of the intermediate zone
increases by a factor of 3.8 between 13 and 20 GW
(Samuelsen et al. 2003). Since postmitotic neurons
need several weeks to reach their final destination, as
many as 30 generations of neurons can be simultane-
ously aligned along a single radial glial shaft within
the wide intermediate zone (Rakic 2003). Tangential
migration also occurs perpendicular to the radial glia
(Menezes et al. 2002). A pathway for migration of cal-
losal axons may also be provided by neurons at the

Fig. 12 Axial (a) and coronal (b) T2-weighted sequence of a
fetus at 32+5. Note the hyperintensity of internal capsule (black
arrows). A small lesion is present to the right of the arrow in image
(b). The gray nuclei appear more hypointense on T2-weighted

images in comparison to the internal capsule (white arrow). (c)
Axial diffusion-weighted sequence of a fetus at 32+5 GW. Note
the anisotropic posterior crus of the internal capsule that can be
detected as early as 22 GW



160

D. Pugash et al.

border between the subventricular zone and the inter-
mediate zone (Del Rio et al. 2000).

Fetal white matter development is also characterized
by prominent areas of extracellular matrix in periven-
tricular areas where there are numerous crossing fibers,
known as periventricular crossroads (Judas et al. 2005).
These areas of crossing efferent, afferent, associative,
and callosal fibers are characterized by abundant hydro-
philic extracellular matrix which contain axonal guid-
ance material (see above). Originally described in
preterm neonates (Battin et al. 1998), they have a “cap-
like” appearance on MR images. Crossroads may also
be identified adjacent to the caudal portion of the gangli-
onic eminence, lateral to the posterior crus of the inter-
nal capsule, and appear similar to those in the frontal
and occipital region between 20 and 30 GW. Crossroads
appear hypointense relative to white matter on TIW
images and hyperintense on T2W images, and are seen
in the frontal and occipital white matter. They become
visible around 24 GW and persist throughout gestation.
These are visible on fetal MR images by about 22 GW,
and are “slightly hyperintense” on T2W images and
“slightly hypointense” on T1W images relative to the
intermediate zone (Kostovic and Judas 2002). These
have been described in six locations: the main crossroad
at the lateral margin of the frontal horn and body of the
lateral ventricle, the frontal crossroad along the dorsal
aspect of the lateral ventricle, a frontal crossroad infero-
lateral to the frontal horn and ventral to the putamen, the
occipital crossroad lateral to the atrium and occipital
horn, the parietal crossroad anterolateral to the atrium
and centered over the retrolenticular internal capsule
(the “Wetterwinkel” (Prayer et al. 2005) (Fig. 13), and
the temporal crossroad anterolateral to the temporal
horn (Judas et al. 2005) (Fig. 11).

6.1 White Matter Tract Formation

Neural connectivity depends on the directed growth of
axons (Richards et al. 1997). The internal capsule is
visible in the late embryonic period at the time of pre-
plate formation, and is shaped by emerging thalamic
axons (Molnar and Blakemore 1995; O’Rahilly and
Muller 1999). However, before 20 GW it is a potential
space that contains undifferentiated blast cells (Tulay
et al. 2004). The axons that form the internal capsule
are mainly derived from the subplate (Koester and

Fig. 13 Coronal T2-weighted sequence of a fetus at 23+0 GW.
Crossroads appear hypointense relative to white matter on TIW
images and hyperintense on T2W images. Note the triangular
crossroad the so-called Wetterwinkel (white arrow)

O’Leary 1994). At 12-15 GW, three fiber systems are
visible: the corpus callosum, the fornix, and the cere-
bral stalk, which contains all the projection fibers of
the developing internal capsule including thalamocor-
tical fibers (Rados et al. 2006).

Axons that form the pyramidal tracts in the late
embryonic period also come from the subplate (ten
Donkelaar 2000). Decussation of the pyramidal tract is
complete by 17 GW, myelination is present at 25 GW,
and corticospinal tract fibers reach the spinal cord by
24 GW (Eyre et al. 2000).

From 17 to 24 GW, the corpus callosum, the fornix,
the internal capsule, and the external capsule continue
to grow and develop. The growing fiber tracts intersect
at the periventricular crossroads (Judas et al. 2005).
From 24 to 32 GW, the corona radiata develops, and all
major segments of the cerebral white matter can be
identified (Kostovic and Judas 2002). These include
the corpus callosum, the peduncular part of the corona
radiata, the centrum semiovale, and gyral white matter.
Between 32 weeks and term, the internal capsule
becomes well-defined due to the onset of myelination.
Gyral white matter becomes well-developed.

Myelination occurs predominantly postnatally
(Counsell et al. 2002) in a craniocaudad and centrifugal
fashion (Garel et al. 2003; Kinney 2005). Although there
is evidence of myelination in the spinal cord as early as
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15-21 GW (Grever et al. 1996), the first histological evi-
dence of brain myelination occurs at 21 GW in the
brainstem and internal capsule (Shiraishi et al. 2003)
and in the thalamus at 22 GW (Jakovcevski and Zecevic
2005). The number of immature oligodendrocytes
increases about 3 months prior to the onset of myelina-
tion, referred to as myelination gliosis (Girard et al.
1991). At 20 GW, premyelination changes occur when
oligodendrocyte progenitors transform into oligoden-
drocytes. There are three phases of myelination: “pre-
myelin sheath” formation by immature oligodendrocytes;
formation of a “transitional sheath,” which contains
myelin basic protein which is characteristic of mature
myelin; and formation of a mature myelin sheath, which
contains myelin basic protein (Back et al. 2002).

6.2 MRI of White Matter Development

On TIW postmortem MR images, the subplate has
lower signal intensity than the intermediate zone.
Postmortem and T2W images display higher signal
intensity in the subplate compared with the intermedi-
ate zone. This correlates with histological changes of
decreased extracellular matrix and increased cellularity
in the subplate layer. Antenatal T2W images show sim-
ilar findings (Widjaja et al. 2010b). On DW sequences,
there is no anisotropy due to microstructural changes of
the differing fiber pathways across the zones (Prayer
et al. 2006; Widjaja et al. 2010a). After 27 GW, water
content in the subplate decreases, and the interface
between the intermediate zone and the subplate
becomes less distinct. In vivo, the internal capsule is
hyperintense on T2W images and hypointense relative
to the basal ganglia on TIW images. After 28 GW in
the preterm neonate (Counsell et al. 2002) and 30th
week in the fetal brain (Garel et al. 2003), the posterior
limb of the internal capsule becomes T2W hypointense
and TIW hyperintense (Fig. 12a, b). DW anisotropy
can be detected in the posterior crus as early as 22 GW
(Prayer et al. 2006) (Fig. 12c¢). In preterm neonate
brains, the posterior crus shows lower mean diffusivity
and higher fractional anisotropy than other unmyeli-
nated white matter tracts (Partridge et al. 2004). Signal
changes can be ascribed to increased cell density related
to the perireticular nucleus neurons and glial cells or
due to alignment of the neurons, creating an asymmet-
rical environment (Prayer et al. 2006).

Premyelinating changes in the corticospinal tract,
the longitudinal fasciculus at the level of the brainstem,
the internal capsule, the CC, and the optic chiasm can
be recognized on DW imaging (Wimberger et al. 1995;
Prayer and Prayer 2003; Partridge et al. 2004) (Fig. 14).
White matter tract anisotropy precedes myelination,
probably due to histological changes as the axons
develop and tracts mature, and to the establishment of
an axon potential (Huppi et al. 1998) which promotes
differentiation of immature oligodendrocytes and
stimulates myelination (Fields 2004).

The technique of diffusion tensor imaging (DTI),
by measuring the directionality of diffusion, allows a
three-dimensional reconstruction of tissue microstruc-
ture and thus can depict the architecture of the devel-
oping fetal brain (Le Bihan et al. 1986). The DTI
technique has been used to study and quantify white
matter maturation and development (Huppi et al. 1998;
Childs et al. 2001; Mukherjee et al. 2002; Zhai et al.
2003; Maas et al. 2004; Partridge et al. 2004; Berman
et al. 2005; Partridge et al. 2005; Yoo et al. 2005; Bui
et al. 2006; Huang et al. 2006; Anjari et al. 2007;
Dubois et al. 2008). DTI sequence optimization per-
mits the in utero acquisition of data on unsedated
fetuses, allowing visualization of corticospinal and
callosal pathways in 40% of cases (Kasprian et al.
2008) (Fig. 15). DTI detects regions of intermingling
callosal and craniocaudal pathways anterolaterally to
the anterior horns of the lateral ventricles. These cor-
relate with the periventricular “caps” (Battin 2001)
seen on T2W images which correspond with the
periventricular crossroads described both histologi-
cally and on postmortem studies.

7 Development of the Corpus Callosum

At 10 GW, the interhemispheric fissure contains
meninx primitiva, and deepens, resulting in a cleft
in the dorsal lamina reuniens and formation of the
sulcus medianus telencephali medii (Rakic and
Yakovlev 1968). The sulci are close together at the
edge of the cortical plate (Rakic and Yakovlev 1968)
at the corticoseptal boundary which is genetically
predetermined (Hankin and Silver 1988; Shu and
Richards 2001; Shu et al. 2003; Richards et al. 2004;
Shen et al. 2006). A glial sling is formed by medial
migration of glial and possibly neuronal cells from
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Fig. 14 Premyelinating changes can be recognized on coronal diffusion-weighted images at GW 34+0. Note the anisotropy of the
internal capsule (white arrow) and of the longitudinal fasciculus at the level of the brainstem

Fig. 15 Diffusion tensor imaging sequence optimization allows
the in utero acquisition of data on unsedated fetuses, allowing
visualization of corticospinal and callosal pathways at GW 28+2

the subventricular zone toward the midline at around
12 GW (Rakic and Yakovlev 1968; Silver et al.
1982; Katz et al. 1983; Hankin and Silver 1988; Shu
and Richards 2001; Shu et al. 2003; Richards et al.
2004) (Lent et al. 2005; Ren et al. 2006). The glial
sling forms an interhemispheric bridge that supports
the crossing of the first pioneer axons at 12-13 GW
(Rakic and Yakovlev 1968). If the glial sling is not
present, the callosal fibers do not cross and instead
extend parallel to the midline (Silver et al. 1982).
Further guidance of axons across the midline is

provided by two other glial structures: the indusium
griseum and the glial wedge (Shu and Richards
2001; Richards 2002; Shu et al. 2003; Richards et al.
2004). These structures repel pioneer axons initially
from the cingulate cortex (Koester and O’Leary
1994; Richards 2002) and direct them toward the
glial sling and the midline. Axons are guided across
the midline to homologous regions in the contralat-
eral hemisphere by a variety of guidance molecules,
transcription factors, and morphogens that are
chemoattractive and chemorepulsive (Richards et al.
1997; Richards 2002; Judas et al. 2005; Plachez and
Richards 2005; Shen et al. 2006; Lindwall et al.
2007). Subsequently, neocortical axons join them in
a process that occurs within GW 13 (Rakic and
Yakovlev 1968). Neocortical commisural axons
from the anterior hemisphere arrive by means of the
pioneer callosal fibers and the glial sling, while
those from the posterior neocortex cross along the
hippocampal commissure (Raybaud 2010). Both
anterior and posterior sections continue to grow and
fuse and all parts of the corpus callosum are fused
and complete by GW 14 or 15 (Kier and Truwit
1996, 1997). At this point, the corpus callosum is
short but grows by addition of fibers as the cortex
develops and connectivity increases until after birth
(Raybaud 2010). Rather than developing from front
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to back as has been postulated, it appears that in
humans, due to disproportionate growth of the fron-
tal lobes, there is a corresponding increase in ante-
rior callosal fibers (Huang et al. 2009). This causes
the splenium and hippocampal fissure to be shifted
posteriorly into position above the posterior third
ventricle and tectal plate (Raybaud 2010).

The splenium of the corpus callosum becomes
prominent by 18-19 GW (Ren et al. 2006) and the
overall shape of the corpus callosum is established by
GW 20 (Raybaud 2010). At this stage the cross-
sectional area is only 5% of that of a 5-year-old child,
and in neonatal life prior to myelinization is 50% of
the size (Huang et al. 2006; Jovanov-Milosevic et al.
2009). The corpus callosum enlarges in a proportional
fashion to the cortical growth and complexity in utero
by the addition of fibers (Raybaud 2010).

7.1 MRI of Development
of the Corpus Callosum

The corpus callosum is seen on T2W images in the
midline sagittal plane as a horizontal thin curvilinear
C-shaped hypointense structure (relative to the subplate)
at the superior margin of the cavum septi pellucidi
(Fig. 16a). It increases in length and thickness with ges-
tational age. Normative values for callosal length are

available (Garel 2004; Parazzini et al. 2008; Chung et al.
2009; Tilea et al. 2009). Diffusion tensor imaging with
fiber-tracking has been used to demonstrate callosal
fibers and trajectories (Kasprian et al. 2008) (Fig. 16b).

8 Normal Development
of the Ventricular System

The ventricular walls are composed of cells of the
ventricular zone (germinal matrix). It is the inner-
most layer of the developing cerebral cortex. It is
thickest early in gestation, regressing in the third
trimester(Fig. 2). A single layer of ependymal cells
lines the ventricular walls by 28 GW. Germinal
matrix cells persist in the roof of the temporal horn
and in the occipital horn lateral wall until 33 GW, and
persist later in the caudothalamic groove (Kinoshita
et al. 2001; Bystron et al. 2008).

8.1 MRI of the Ventricular System

The ventricular zone is visible on MR images as a dark
band on T2W sequences and a bright band on TIW
sequences (Fig. 3a—d). The diameter of the atria of the
lateral ventricles remains constant from 15 to 35 GW,
but particularly on MR images, appears more prominent

Fig. 16 (a) Sagittal T2-weighted sequence of a fetus at GW 32.
The corpus callosum can be identified as a horizontal thin
C-shaped hypointense structure (black arrows). (b) Diffusion

tensor imaging with fiber-tracking at 2842 GW can be used to
demonstrate callosal fibers and trajectories
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in early gestation due to the relative paucity of brain
parenchyma relative to ventricular size at early gesta-
tional ages (Prayer et al. 2006) (Fig. 2). Sonographic
studies have reported mean atrial diameters in the axial
plane of 5.4-7.6 mm at the posterior margin of the glo-
mus in the axial plane (Cardoza and Filly 1988;
Alagappan et al. 1994; Filly and Goldstein 1994).
Normative values have been reported using MRI, and
mean values are comparable to sonographic studies
(Levine et al. 2002; Twickler et al. 2002; Parazzini et al.
2008; Chung et al. 2009). However, the normal range of
ventricular measurements is considerably more variable
and may be significantly greater with MRI in the axial
plane between 18 and 25 GW. Measurements in normal
fetuses in this age group may exceed the normal sono-
graphic upper limit of 10 mm, most likely related to arti-
facts related to motion, slice thickness, pulse sequences,
screen pixels, and small size of target objects (Chung
et al. 2009). In the coronal plane, at a median gestational
age of 32 GW, sonographic and MRI ventricular mea-
surements were shown to correlate well (Garel and
Alberti 2006). The cavum septi pellucidi is visible until
fusion of the septal leaves occurs near birth (Fig. 17).

Fig. 17 Axial T2-weighted sequence of a fetus at 35+1 GW.
The image shows cavum septi pellucidi that is visible until the
fusion of the septi near term

9 Development of the Deep Gray Nuclei

During the embryonic period, the striatum (caudate
and putamen) and globus pallidus arise from the
medial and lateral ganglionic eminences that represent
the germinal matrix areas of the ventral forebrain
(Marin and Rubenstein 2003). Thalamic cells are
derived from the germinal matrix lining the dienceph-
alon (Rakic and Yakovlev 1968; Kostovic 1990;
Petanjek et al. 2008). Between 17 and 37 GW, thal-
amic cells are derived from the gangliothalamic body,
which extends from the ganglionic eminence to the
thalamus. The gangliothalamic body is the source
of gamma-aminobutyric acid—producing cells that
migrate tangentially to the thalamus (Letinic and Rakic
2001; Petanjek et al. 2008).

9.1 MRI Findings of the Deep Gray
Nuclei Development

Early in gestation, the deep gray nuclei are isointense
to slightly hypointense relative to white matter on T2W
sequences. After 28 GW, they appear more hyperin-
tense on T1W sequences (Garel 2004) and more hypoin-
tense on T2W images relative to the internal capsule
(Fig. 12) (Lan et al. 2000). Diffusion-weighted images
show a decline in mean diffusivity in the basal ganglia
and thalamus with advancing gestational age (Righini
et al. 2003; Manganaro et al. 2007; Schneider et al.
2007, 2009). In addition, the pituitary stalk can be
detected on axial, coronal, or sagittal T2W images
beginning at 16 GW (Righini et al. 2009; Schmook
et al. 2010) (Fig. 18). The pituitary gland can be
detected on TIW sequences after 16 GW, with the
detection rate and size increasing with gestational age
(Schmook et al. 2010).

10 Cerebellar Development

Cerebellar development begins in the fifth to sixth GW,
and continues after birth (ten Donkelaar et al. 2003; ten
Donkelaar and Lammens 2009). Maturation of the cere-
bellum occurs later than that of the telencephalon
(Simonati et al. 1999). The initial phase of cerebellar
development consists of differentiation from the hind-
brain as it originates from the metencephalon (rhomben-
cephalon) and mesencephalon (midbrain). The pontine
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Fig. 18 (a) Axial and (b) coronal T2-weighted sequences of a fetus at 24+0 GW. The pituitary stalk (white arrows) can be seen on
T2-weighted images beginning at 16 GW as well as the optic chiasm (black arrow)

flexure develops at the same time as the cerebellar hemi-
spheres (Nakayama and Yamada 1999). The isthmic
organizer, a region in the caudal mesencephalon, is situ-
ated at the border between the midbrain and hind-brain,
and coordinates development of the cerebellum and pons
(Nakayama and Yamada 1999; Basson et al. 2008).
Initial development of the cerebellum is from neuroepi-
thelial cells in the ventricular zone (Larroche 1981).
The second cerebellar developmental phase is cell
production in two germinal matrix zones that disappear
after birth which are believed to be the source of cere-
bellar neurons, the ventricular zone, and the rhombic
lips (Hynes et al. 1986). The first region is the ventricu-
lar zone in the roof of the fourth ventricle, from which
originate initially Purkinje cells and deep cerebellar
neurons, and subsequently basket cells, stellate cells,
and Golgi cells (ten Donkelaar et al. 2003; Sotelo
2004). Cells migrate from the ventricular zone toward
the sparsely cellular outer marginal layer to form the
intermediate zone at 5-10 GW (Larroche 1981). The
internal granular layer develops by migration in a radial
fashion (Hynes et al. 1986). The external granular
layer, the second germinal zone develops between the
9th and 13th GW and originates by means of tangential
migration from the rhombic lips (Larroche 1981) which
are more dorsolaterally located in the metencephalon
between the roof plate and the dorsal neuroepithelium
at the caudal aspect of the fourth ventricle (Sotelo
2004). The rostral rhombic lip neuroepithelium gives

rise to migrating cells which begin to move to the sur-
face at 11-13 GW in a second wave, which becomes
the granule cell layer after birth (Hynes et al. 1986).
Pontine nuclei and the inferior olivary nucleus arise
from the caudal portion (Nakayama and Yamada 1999;
Sotelo 2004).

The third phase of cerebellar development begins in
the 16th GW and involves inward migration of the
granule cells, which persists throughout fetal life
(Nakayama and Yamada 1999; ten Donkelaar et al.
2003).

The lamina dissecans is visible between 20 and 32
GW as a transient zone of migrating cells (Sidman and
Rakic 1973; Nakayama and Yamada 1999). It sepa-
rates the external granular cell layer from the deep
internal granular cell layer (Larroche 1981; Abraham
et al. 2001). The highest rate of proliferation occurs in
this zone between 28 and 34 GW (Abraham et al.
2001). The lamina dissecans disappears from the floc-
culus and subsequently from the hemispheres while
the Purkinje cell layer becomes more prominent along
the outer surface of the lamina dissecans as it disap-
pears. Postnatally, the external granular layer disap-
pears around 10 months of age, leaving three layers of
cerebellar cortex (Larroche 1981).

In the fourth phase of cerebellar development, there
is further cell differentiation and development of neu-
ronal circuits and cerebellar function (ten Donkelaar
et al. 2003).
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Anatomically, the first area to form is the floccu-
lonodular lobe (Adamsbaum et al. 2005) and the first
fissure to appear is the posterolateral fissure at 12—13
GW. The primary fissure develops at 14—15 GW, and is
deepest in the midline. Prepyramidal, preculminate,
and precentral fissures are seen at 15-16 GW. The hor-
izontal fissure is visible by 21 GW (Adamsbaum et al.
2005). Foliation of the vermis begins at 14 GW. The
deep gray matter nuclei of the cerebellum originate
from the ventricular zone. The dentate nuclei may be
detected by 11 GW (Yamaguchi and Goto 1997) to 16
GW (Mihajlovic and Zecevic 1986). The vermis is
formed at the time of the fusion of the cerebellar hemi-
spheres at the end of the 8th GW. The cerebellar hemi-
spheres grow faster than the vermis and attain a mature
morphology by 22 GW.

10.1 MRI of Cerebellar Development

The small size of cerebellar structures precludes early
visualization of some structures and therefore MR appear-
ances are delayed relative to histological development. In
vitro MR can demonstrate the rhombencephalic vesicle
(primitive fourth ventricle) after 10 GW (Chong et al.
1997). The transverse cerebellar diameter increases dur-
ing gestation and can be measured using fetal MRI
(Chung et al. 2009). Vermian normative biometric data
are also available (Garel et al. 2003; Triulzi et al. 2005;
Parazzini et al. 2008; Tilea et al. 2009). The fetal cerebel-
lum has an extremely high cell density and therefore
appears hypointense on T2W, hyperintense on T1W, and
bright on diffusion-weighted images (Fig. 19). The lack
of anisotropy is probably due to the different direction of
migrating neuronal pathways (Prayer and Prayer 2003;
Prayer et al. 2006) (Fig. 20). Mean diffusivity decreases
with gestational age (Schneider et al. 2007, 2009). The
hemispheres appear multilayered after 20 GW (Fig. 20).
T2 hypointensity and T1 hyperintensity in the central
area represent deep gray nuclei surrounded by T2 hyper-
intense tissue with T2 hypointense cortex which includes
the deep granular layer (Chong et al. 1997; Adamsbaum
et al. 2005; Triulzi et al. 2005) (Fig. 21). T2 hypointensity
deep in the cerebellar hemispheres has been attributed to
the cell-dense dentate nucleus and is best seen on sagittal
images from 21 GW (Adamsbaum et al. 2005). Gyration
of the dentate nucleus, after 30 GW, is hypointense on
T2W images, relative to the hyperintense core (Prayer
et al. 2006) (Fig. 19b, c).

The vermis encloses the fourth ventricle by 20 GW
(Adamsbaum et al. 2005). The vermis is optimally
assessed on thin midline sagittal T2W sections as well
as axial and coronal planes. The primary fissure is vis-
ible on midline sagittal images by 25-26 GW and
beginning as early as 20-21 GW (Fig. 16), with other
fissures appearing subsequently (Figs. 16 and 24).
Optimal image quality is critical to their visibility
(Adamsbaum et al. 2005). The distal tips of the cere-
bellar foliae are focally hypointense on T2W images,
which could be due to a higher density of Purkinje
cells in the periphery (Isumi et al. 1997) (Fig. 21).
Vermian foliae can be differentiated on T2W images at
24 GW and hemispheric foliae by 30 GW (Triulzi et al.
2005) (Fig. 22). The flocculonodular lobule is hypoin-
tense on T2W images by 30-31 GW (Triulzi et al.
2005) (Fig. 23).

11 Brainstem Development

The brainstem forms between 6 and 7 GW and
matures in a caudal to rostral direction. The medulla
develops from the myelencephalon and develops and
functions earlier than the pons and midbrain (Joseph
2000). The brainstem continues to develop through-
out gestation and continues postnatally until about 6
months after birth. Descending motor tracts as well
as the nuclei of cranial nerves VIII-XII are located
within the medulla. The nucleus of the solitary tract
is located in the dorsal aspect of the medulla and has
a craniocaudad orientation.

11.1 MRI Appearance of Brainstem
Development

Both the nucleus of the solitary tract and the corti-
cospinal tract are visible after 18 GW. On T2W
images, the ascending sensory tracts are hypointense
due to cell density and myelination (Prayer et al.
2006). The pyramidal tract is relatively hyperintense.
Both tracts are not sufficiently different in contrast on
T1-weighted images to be visualized. The inferior
cerebellar peduncles are hypointense on T2W images
after 32 GW (Triulzi et al. 2005). However, on diffu-
sion-weighted images, both structures demonstrate
anisotropy (Fig. 27).
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Fig. 19 (a) Axial T2-weighted sequence of a fetus at 28 GW.
The cerebellar hemispheres appear multilayered. Axial
T2-weighted sequence (b) and coronal T2-weighted sequence

Fig.20 Coronal diffusion-weighted sequence of a fetus at 20+4
GW. The cerebellum appears isotropic on diffusion-weighted
images. The lack of anisotropy is probably due to the different
directions of migrating neuronal pathways

12 Development of the Pons

The pons develops after the medulla at around 8 GW
(Joseph 2000). Structures within the pons include
the nuclei of cranial nerves V-VIII, the tegmentum,
the raphe nucleus, the locus coeruleus, and the
medial longitudinal fasciculus. Pontine functions
such as reactivity to acoustic and vibratory stimula-
tion begin to develop after 26 GW (Joseph 2000).

(c) of fetuses at 32+4 and 32+5GW. The gyration of the dentate
nucleus shows hypointensity compared to the hyperintense core
(white arrow)

Fig. 21 Coronal T2-weighted sequence of a fetus at 26+0 GW.
The distal tips of the cerebellar foliae are focally hypointense on
T2-weighted images, which could be due to a higher density of
Purkinje cells in the periphery

12.1 MRI of Development
of the Pons

The dorsal part of the pons is hypointense on T2W
and hyperintense on T1W images after 24 GW
(Girard et al. 1995; Adamsbaum et al. 2005; Triulzi
et al. 2005) (Fig. 24). The ventral part maintains
hyperintensity on T2W and hypointensity on TIW
images until birth (Chong et al. 1997; Counsell et al.
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Fig.22 Coronal T2-weighted of a fetus at 34+1 GW. The foliae
of the cerebellar hemispheres can be discriminated, as well as
the anterior lobe (black arrow) and posterior lobe (white arrow)

Fig. 23 Sagittal T2-weighted sequence of a fetus at 28+5 GW.
The flocculonodular lobe can be identified because of its hypoin-
tensity (white arrow)

2002). On DW images, the pons is homogeneously
hyperintense with no anisotropy (Prayer et al. 2006).
Mean diffusivity of the pons decreases with increas-
ing gestational age (Schneider et al. 2007; Schneider
et al. 2009).

Fig. 24 Sagittal T2-weighted sequence of a fetus at 24+0 GW.
Note the hypointensity of the dorsal part of the pons (white
arrow)

13 Development of the Midbrain

The midbrain contains the substantia nigra, the infe-
rior and superior colliculi, nuclei of cranial nerves
III-VI, and the continuation of pontine structures
(Joseph 2000). Auditory pathways develop and
mature in fetal life with early maturation in the infe-
rior colliculi, which are a “relay station” for auditory
stimuli. After 18 GW, development in the inferior
colliculi accelerates, then slows after 33 GW as Nissl
bodies mature (Nara et al. 1996).

13.1 MRI of Development
of the Midbrain

The inferior colliculi appear hypointense on T2W
images as early 16 GW and reliably after 20 GW but
are not seen well on other sequences due to their
small size (Fig. 25). The dorsal midbrain appears
hypointense on T2W and hyperintense on TIW
images after 34 GW (Girard et al. 1995; Stazzone
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Fig.25 Coronal T2-weighted sequence of a fetus (32+4 GW). The
inferior colliculi appear hypointense (white arrow). They cannot be
seen well on other sequences because of their small size

Fig. 26 Axial T2-weighted sequence of a fetus at 32+4 GW.
The dorsal midbrain appears hypointense in T2W sequences
with advanced gestational age (black arrow)

et al. 2000) (Fig. 26). Myelination begins
between 20 and 24 GW. By 28 GW, the inferior and
superior cerebellar peduncles appear as hypoin-
tense structures on T2W images (Fig. 27a), and
anisotropic on DW sequences (Prayer et al. 2006)
(Fig. 27b).

14 Fetal Behavior

Evaluation of behavior is a potentially useful indicator
of normal CNS development and potential pathology,
since fetal movement requires appropriate neuromus-
cular development and metabolism (Sparling et al.
1999; Olesen and Svare 2004). Further discussion of
fetal behavior can be found in the chapter “Phylogeny
and Ontogeny of Early Fetal Behavior” by Einspieler
and Prechtl.

14.1 MRI and Fetal Behavior

Fetal movement can be documented using dynamic
MR sequences (Prayer et al. 2006). Sequences of
30 s length can be obtained during a scan of 30-45
min and allow assessment of fetal behavior
(Fig. 28). However, due to the short duration of
observation, it is not possible to conclude defini-
tively that fetal movement is absent, or to confirm
reliably that abnormal behavior is present (Prayer
et al. 2000).

15 Conclusion

Normal brain development can be assessed with
MRI both morphologically as well as functionally in
terms of fetal movement. In order to assess pro-
cesses that interfere with developmental steps and
the morphological changes that result from them, it
is essential to first understand and recognize and
interpret the normal developmental stages and to be
familiar with MR appearances of normal brain
development including the appearance and disap-
pearance of transient structures.
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Fig. 27 (a) Axial T2-weighted sequence of a fetus (3245 GW).  (b) Coronal diffusion-weighted sequence of a fetus at 36+6 GW.
At 28 GW, the inferior and superior cerebellar peduncles appear ~ The inferior cerebellar peduncles appear anisotropic (white
hypointense (black arrow) relative to the cerebellar hemispheres.  arrow) whereas they are hypointense on T2-weighted images

Fig. 28 Dynamic sequence of twins at 28+5 GW. Random movement of the limbs, swallowing and tongue movement is detectable.
“Mouthing” is thought to be essential to motor speech development
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