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Although the embryology of the posterior cranial fossa can have life altering
effects on a patient, a comprehensive review on this topic is difficult to find in
the peer-reviewed medical literature. Therefore, this review article, using stan-
dard search engines, seemed timely. The embryology of the posterior cranial
fossa is complex and relies on a unique timing of various neurovascular and
bony elements. Derailment of these developmental processes can lead to a
wide range of malformations such as the Chiari malformations. Therefore, a
good working knowledge of this embryology as outlined in this review of its
bony architecture is important for those treating patients with involvement of
this region of the cranium. Clin. Anat. 31:466–487, 2018. VC 2018 Wiley Periodicals, Inc.
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INTRODUCTION

In early development, during embryogenesis, the
notochord is primarily formed. This is the key initiator
in stimulating neural tube development, sclerotogene-
sis, and paraxial mesoderm patterning (Fan and
Tessier-Lavigne, 1994; Ebensperger et al., 1995;
Dockter et al., 2000a; Christ et al., 2004). Vertebral
development was explained by Sensenig (1957) as
comprising three overlapping stages, which addition-
ally incorporated bony elements in the occipital region
that fuse early to form the basiocciput and exocciput.
The first stage occurs around the fourth week of ges-
tation and highlights the maturation of the notochord.
Specifics of notochordal development during early
embryonic life are detailed and not the focus of
review. The general aspects and features of noto-
chordal development are schematized in Figure 1. The
second stage occurs around the fifth and sixth weeks
of gestation. It highlights the intense proliferation and
migration of sclerotomic cells toward the notochord,
formation of mesenchymal perinotochordal sclero-
tomes, expansion and patterning of the neural crest,
and spinal nerve formation. The third and final stage

commences around the middle of the sixth week,
when chondrification and ossification take place.

SCLEROTOGENESIS AND
DEVELOPMENT OF VERTEBRAE

Toward the end of the fourth week of gestation, the
notochord induces ventromedial migration of mesen-
chymal cells from the condensed paraxial mesoderm
of the somites, which encircle the notochord to
become the primary sclerotomes. These primary scle-
rotomes are grossly segmented and this pattern of
segmentation follows that in the respective somites.
With the re-arrangement (or re-segmentation) of the
primary sclerotomes, sclerotomal cells from differing
somital origins pool together to form secondary
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TABLE 1. Some Developmental Anomalies and Osseous Variations of the Occipital Bone Including Mani-
festations of Occipital Vertebrae.

Anomaly or variation Description Reference(s)

Canalis basilaris
medianus

Postnatal remnant of the cephalic notochord;
presents as a well-corticated longitudinal canal
in the midline of the basiocciput

Madeline and Elster (1995b)

Median basioccipital
raphe

Midline trace of the median fusion of the
parachordal plates

Madeline and Elster (1995b)

Longitudinal basioccipital
cleft

Partial midline cleft in the basiocciput; is reminis-
cent of midline fusion of the bilateral parachor-
dal plates

Madeline and Elster (1995b)

Cruciform sphenooccipital
synchondrosis

Longitudinal anterior basioccipital and postsphe-
noidal clefts in conjunction with unossified sphe-
nooccipital synchondrosis

Madeline and Elster (1995b)

Transverse (coronal)
basioccipital cleft

Results from retention of the segmented nature of
the basioccipital primordium; can traverse the
basiocciput partially or completely; can be an
incomplete groove or a complete gap; is radio-
graphically similar to the sphenooccipital syn-
chondrosis but is actually filled with fibrous
tissue not cartilage; very rare

Kruyff (1967); Johnson and
Israel (1979); Prescher
(1997)

Basioccipital hypoplasia A consequence of paraxial mesodermal insuffi-
ciency in the occipital region or premature clo-
sure of the sphenooccipital synchondrosis;
associated with basilar invagination

Smoker (1994); Nishikawa
et al. (1997); Noudel et al.
(2009)

Fossa navicularis A shallow depression measuring �3 3 5 mm on
the undersurface of the anterior portion of the
basiocciput

Cankal et al. (2004)

Pharyngeal tubercle A median tuberosity on the undersurface of the
basiocciput about 1 cm anterior to the foramen
magnum; is the point of attachment of the pha-
ryngeal raphe; a tubercle of 1.5-2.0 cm diame-
ter is radiographically apparent in 3.8% of cases

Robinson (1918); Hauser and
De Stefano (1989); Finke
(1964)

Bipartite hypoglossal
canal

Division of the hypoglossal canal by a bony spic-
ule; is a remnant of the hypochordal bow of S3

O’Rahilly and M€uller (1984);
M€uller and O’Rahilly (2003)

Divided (bipartition of)
occipital condyle

Partial or complete subdivision of the articular
facet; can be unilateral or bilateral; associated
with division of the superior articular facet of the
atlas; has an incidence of �5%

Tubbs et al. (2005); Kunicki
and Ciszek (2005); Tillmann
and Lorenz (1978)

Condylar hypoplasia Underdevelopment of the occipital condyles; asso-
ciated with a more horizontal than oblique orien-
tation of the atlantooccipital joint and basilar
invagination

Smoker (1994)

Occipitocondylar
hyperplasia

Hypertrophy of the occipital condyles; can cause
cervicomedullary compression

Ohaegbulam et al. (2005);
Halanski et al. (2006)

Paracondylar (paramas-
toid or jugular) process

A pneumatized osseous process in the lateral con-
dylar area (jugular process of the occipital bone)
located between the occipital condyle and mas-
toid process at the point of insertion of the rec-
tus capitis lateralis muscle; can be unilateral or
bilateral; may or may not fuse with the trans-
verse process of the atlas; has an incidence of
2–4%

Lang (2001); Tubbs et al.
(2005); Anderson (1996);
Taitz (2000); Prescher
(1997)

Lateral (transverse) pro-
cess of the occipital
condyle

Is homologous to the transverse process of the
atlas arising from the its lateral mass; is a
proatlas remnant

Stratemeier and Jensen
(1980); Gladstone and
Erichsen-Powell (1915)

Prebasioccipital arch or
anterior lip of the fora-
men magnum

A U-shaped ridge connecting the end of the occipi-
tal condyles; manifests as the ventral arch of
the proatlas

Prescher (1997); Taitz
(2000); Oetteking (1923)

Basilar process Lateral tubercle and the remains of the prebasioc-
cipital arch; a proatlas remnant; is sometimes
considered a variant of or the same as the pre-
condylar process

Prescher (1997); Oetteking
(1923)

Condylus tertius A downward bony projection located just at the
anterior margin of the foramen magnum; asso-
ciated with an increased prevalence of os odon-
toideum; has an incidence of �1%

Smoker (1994); Prescher
1996, 1997)
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sclerotomes with a segmentation pattern, which fol-
lows that in the final vertebrae (Sensenig, 1957).
Somitogenesis and the formation and rearrangement
of primary sclerotomes all occur in a craniocaudal
direction. Therefore, vertebral differentiation in the
occipital and cervical regions precedes the develop-
ment in the caudal region (Sensenig, 1957). Along
with sclerotomal rearrangement, a subpopulation of
sclerotomes, which were derived from its densely
packed cellular region, migrate dorsolaterally around
the neural tube and between the spinal nerves and
ganglia to establish the mesenchymal primordia of the
vertebral arch (Sensenig, 1957). The eventual chon-
drification of the mesenchymal primordium of each
vertebra gives rise to the basic structure of the early
vertebra, which comprises a cartilaginous centrum
(the future vertebral body) and a neural arch around
the neural tube (Robinson, 1918; Sensenig, 1957). It
is crucial that the primary sclerotomes above and

below the C2 vertebra adopt different rearrangement
patterns in order to meet the anatomical and func-
tional requirements of the craniovertebral junction
above and the rest of vertebral column below.

THE DEVELOPMENT OF VERTEBRAE
BELOW C2

The fundamental concepts in vertebral develop-
ment below the axis (C2 vertebra) were recognized
over a century ago (cf. Robinson, 1918) and con-
cluded in the seminal work of Sensenig (1957). By the
end of the first month of embryonic development, the
notochord and neural tube are bounded by the skele-
togenic mesodermal tissue composed of primary scle-
rotomes, which were derived from the ventromedial
parts of somites that were found on either side of the
neural tube. Dockter et al. (2000b) explained that the

TABLE 1. Continued

Anomaly or variation Description Reference(s)

Precondylar process or
pseudocondylus tertius

A single median or two paramedian projection(s)
from the inferior surface of the basiocciput
located a few millimeters in front of the anterior
margin of the foramen magnum; has an inci-
dence of up to 25% in adults; is a proatlas rem-
nant; is also regarded as an ossification in the
median portion of the anterior atlantooccipital
membrane; unlike the condylus tertius, it con-
tains a sagittal canal

Vasudeva and Choudhry
(1996); Prescher (1997);
Hauser and De Stefano
(1989)

Anteromedian tubercle of
foramen magnum

A small median triangular tubercle projected hori-
zontally backward from the anterior border of
the foramen magnum; is distinct from the con-
dylus tertius, which projects downward; can
represent ossification of the attachment of the
apical ligament

Lakhtakia et al. (1991);
Prescher (1997); Oetteking
(1923)

Posterior lip of the fora-
men magnum

A bony ridge extending from the posterior end of
one or both occipital condyle(s) along the poste-
rior foraminal margin; does not fuse posteriorly;
can be hypertrophied and manifest as the bony
excrescences around the posterior margin of the
foramen magnum; remnants of the dorsal arch
of the proatlas

Gladstone and Erichsen-Powell
(1915); Prescher (1997);
Menezes and Fenoy (2009);
Oetteking (1923)

Kerckring or Kerckring-
like ossicle(s)

A single median or paramedian ossicle at the
lower edge of the supraocciput; there may be
two paramedian ossicles, which then fuse to
form a single median ossicle; appears in the
fourth and fifth fetal months and usually fuses
with the supraocciput before birth; rarely
remains completely separated; although contro-
versial, some have regarded it as a remnant of
the proatlas

Piersol (1918); Le Double
(1903); Caffey (1953);
Madeline and Elster (1995b)

Accessory ossicle(s) of
the innominate
(posterior intraoccipital)
synchondrosis

Is seen in 0.4% of newborns as 1–4 ossicles
within the synchondrosis between the supraocci-
put and exocciput; can be large and protrude
externally and internally; fuses with the supra-
occiput in the first year of life; the medially
located ossicles can be considered as proatlas
remnants

Caffey (1953)

Persistent transverse
occipital fissure/suture

A fissure/suture between the intermediate and
interparietal parts of the occipital squamous; is
sometimes misnamed the mendosal suture

Lochmuller et al. (2011);
Nayak et al. (2007); Tubbs
et al. (2007)

Atlantooccipital
assimilation

Partial or complete fusion of the atlas and occipital
bone along the margin of the foramen magnum;
associated with basilar invagination

Smoker (1994)
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cell distribution in each primary sclerotome is hetero-
geneous, with craniocaudal and mediolateral gra-
dients. There is a greater cellular density in the caudal
and lateral portions of the sclerotomes than the cra-
nial and medial portions. The initial segmentation of
primary sclerotomes follows the somital pattern; how-
ever, re-segmentation occurs soon after. The fissure
of von Ebner separates the two halves of the primary
sclerotomes on the lateral region where the spinal
nerves and blood vessels emerge. The loosely cellular
cranial half of each primary sclerotome combines with
the densely cellular caudal half of the sclerotome
above to become the secondary sclerotome corre-
sponding to the future vertebra (Fig. 2). After dorso-
lateral migration of some of the sclerotomal cells, a
dense lateral mass and a central mass (containing
dense upper and loose lower regions) are apparent in
each secondary sclerotome (Fig. 2). The dense lateral
mass gives rise to the vertebral arch, which includes

the pedicle, articular facets and lamina, and the larger
lower loose region within the central mass gives rise
to the centrum (body) of the vertebra. The narrow
band of densely cellular sclerotomal tissue retained
between the centra of the secondary sclerotomes is
sometimes referred to as the hypochordal bow (Rob-
inson, 1918; O’Rahilly and M€uller, 1984), perichordal
disc (Sensenig, 1957), hypocentrum (Ganguly and
Roy, 1964), or intercentrum (Bailey et al., 1983). In
this review, the term “hypochordal bow” is preferred.
It is believed that the hypochordal bow degenerates
into the fibrous part of the intervertebral disc (Robin-
son, 1918).

DEVELOPMENT OF THE
CRANIOCERVICAL JUNCTION

Ludwig (1957), O’Rahilly and M€uller (1984), and
M€uller and O’Rahilly (1994, 2003) have contributed
extensively to current knowledge of craniovertebral
junction development. The superior four somites are
occipital somites 1–4. The ventromedial migration of
sclerotomal cells from somites 1–4 toward the
cephalic notochord gives rise to primary occipital scle-
rotomes 1–4 (O1–4). The hypoglossal nerve rootlets
course laterally between the hypochordal bows of the
occipital sclerotomes and the C1 spinal nerve between
the hypochordal bows of O4 and sclerotome 5 (S5 or
first cervical sclerotome). Initially, occipital sclero-
tomes 1–3 join to form the main portion of the mes-
enchymal basiocciput (O’Rahilly and M€uller, 1984). In
an embryo of 9 mm crown-rump length (CRL: approx-
imately the fifth week of gestation), the hypochordal
bows of O4 (proatlas) and S5 (atlas) are distinct in
the craniovertebral junction (Ludwing, 1957). The
notochord travels dorsal to the hypochordal bows
(Ludwing, 1957). The rostral O1-O3 hybrid and O4

Fig. 1..

Fig. 1. Schematized drawing of a transverse section
through the midportion of the embryonic plate showing
notochordal development and maturation. Upon forma-
tion of the primitive streak from the ectoderm on the dor-
sal midline of the embryonic plate, the mesodermal
precursor cells originating from the primitive streak
migrate between the ectoderm and endoderm (not shown
here). The longitudinal midline condensation of the meso-
dermal cells forms the head process or notochordal plate
in front of the primitive streak. A, The notochordal plate
(3) has a lumen, a floor next to the endoderm (4), and a
roof next to the neural plate (1) of the ectoderm (2). B,
The floor of the notochordal plate fuses with the endo-
derm. C and D, The floor then disappears, leaving the
roof of the notochordal plate (known as the notochordal
groove at this stage) attached to endoderm on either
side. E and F, The notochordal groove deepens and its
margins approximate each other by the growth of the
endoderm. G, Following the fusion of the margin of the
notochordal groove, the notochordal tube is formed and
is liberated from the endoderm. H, The lumen of the noto-
chordal tube disappears and the tube solidifies to form
the mature notochord. This description is based on Frazer
(1931).
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join together in an embryo of 9–11 mm CRL (approxi-
mately the sixth week of gestation) to form a mesen-
chymal O1–04 hybrid surrounding the cephalic end of
the notochord (O’Rahilly and M€uller, 1984). This mes-
enchymal hybrid is termed chordal cartilage after
chondrification occurs later in gestation. The hypo-
chordal bow of O2 is small, disappears medially and
fuses with the hypochordal bow of O3 laterally. The
dorsolateral extensions of the hypochordal bows of
O2-O4 create the lateral masses. Further dorsal
extension of these masses adds to the development
of the exocciput, homologous to the neural arch of a
typical vertebra. The portion of the exocciput rostral
to the hypoglossal nerve and canal is formed from O3
and the caudal portion is formed from O4. Ultimately,
the lateral masses of S3 and S4 fuse to create a single
exocciput ventral and dorsal to the hypoglossal canal.
Loosely packed sclerotomal cells between the hypo-
chordal bows of the proatlas and atlas, corresponding
to the centrum of primary sclerotome 5, contribute to
the occipital condyles laterally and the tip of the odon-
toid process of the axis medially (O’Rahilly and M€uller,
1984; M€uller and O’Rahilly, 1994).

A simplified model of craniovertebral junction devel-
opment is presented in Figure 3. The hypochordal bow

of O3 degenerates except for its lateral projections,
which are exaggerated by fusing with the hypochordal
bow of O2 and contribute to the exocciput. At 5 weeks
of gestation, the hypochordal bow of O3 is noticed lat-
erally above and anterior to the hypochordal bow of O4
(O’Rahilly and M€uller, 1984). An osseous separation
within the hypoglossal canal is formed by the medial
remnant of the hypochordal bow of O3 (M€uller and
O’Rahilly, 2003), and the median part of the hypochor-
dal bow of O4 remains as a continuous mass across
the midline that begins fusing with the remainder of
the basiocciput rostrally during the mesenchymal stage
(O’Rahilly and M€uller, 1984). After chondrification its
fusion is completed, forming the basion. The hypochor-
dal bow of S5 forms the anterior arch of the atlas and
disappears from between the loosely packed regions of
the S5 and S6 sclerotomes (M€uller and O’Rahilly,
2003). The lateral mass of S5 (C1) encompasses the
odontoid process and forms the neural/posterior arch
of the atlas (M€uller and O’Rahilly, 1994, 2003),
whereas the lateral mass of S6 forms its neural arch.

DEVELOPMENT OF THE OCCIPITAL
CONDYLE

The occipital condyles are two semilunar prominen-
ces with an inward concavity and outward convexity,
which appear on the anterolateral region of the fora-
men magnum (Ganguly and Roy, 1964). The condyles
comprise a cartilaginous articular facet that is convex
ventrodorsally and mediolaterally, and an osseous
portion. The medial region of the condyle tends to be
larger than the lateral region. During embryogenesis,
the sclerotomic primordia of the occipital condyles are
derived from the hypochordal bow of S4 and the
loosely packed region of S5. After chondrification in
the occipital region, the basioccipital and exoccipital
components are united and the ossification centers
appear independently within these segments. The
ventral and dorsal regions of the exoccipital and sub-
occipital ossification centers grow and meet each
other but remain separated by a synchondrosis
(known as the anterior intraoccipital synchondrosis),
which traverses the occipital condyle. As a result, the
occipital condyle is divided by a cleft corresponding to
the unossified anterior intraoccipital synchondrosis
and this is seen in children (Tillmann and Lorenz,
1978). It should be noted that the region of condyle
anterior to the synchondrosis is the basioccipital area,
which is smaller than the region posterior to the syn-
chondrosis, the exoccipital area (Tillmann and Lorenz,
1978). The anterior intraoccipital synchondrosis ossi-
fies in a mediolateral direction (Tillmann and Lorenz,
1978), a process that begins around 1–2 years of age
and is completed by 7–10 years of age (Madeline and
Elster, 1995a). From then onwards, the occipital con-
dyle presents as a single osseous prominence with a
uniform articular facet. Sometimes, adults have a
transverse division of the articular facet, which can
result from maceration of its midportion (Tillmann and
Lorenz, 1978).

A bony ridge (prebasioccipital arch) sometimes
connects the anterior ends of the occipital condyles in

Fig. 2. Simplified model of the re-arrangement of pri-
mary sclerotomes and development of vertebrae below
C2. A shows primary sclerotomes with loose upper
(white) and dense lower (dark) regions partially sepa-
rated by the fissures of von Ebner (grey horizontal bars).
The longitudinal dashed line represents the notochord. B
shows the secondary sclerotomes following re-
arrangement. The circles represent the spinal root gan-
glia, nerves and blood vessels emerging at the level of the
loosely cellular region. C shows the sclerotomic primordia
of the vertebrae following dorsolateral migration of a sub-
population of cells from the dense region between the spi-
nal root ganglia and nerves. At this stage, the central (C)
and lateral (L) masses are discernible. The central mass
is composed of the hypochordal bow (1) and centrum (2).
[Color figure can be viewed at wileyonlinelibrary.com]
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front of the anterior rim of the foramen magnum (Oet-
teking, 1923; Prescher et al., 1996; Prescher, 1997;
Taitz, 2000; Pang and Thompson, 2011). If the medial
part of this ridge disappears, its lateral part will be
retained unilaterally or bilaterally, in which event it
would either remain ridge-like or appear bumpy and
be termed the basilar process (Prescher et al., 1996).
On the other hand, if the lateral part were to disap-
pear, the medial part of the ridge could remain as a
single median or two paramedian projections (Pre-
scher et al., 1996; Vasudeva and Choudhry, 1996).
These variants include the pseudocondylus tertius
(Prescher et al., 1996; Prescher, 1997) or precondylar

process (Vasudeva and Choudhry, 1996), and the true
condylus tertius (Prescher, 1997; Pang and Thomp-
son, 2011) (Fig. 4). The true condylus tertius is found
just at the anterior rim of the foramen magnum. The
precondylar process, which is a continuation of the
anterior end of the occipital condyle (Prescher et al.,
1996), is positioned slightly anterior to the foramen
magnum. Both the precondylar process and the con-
dylus tertius are derivatives of the hypochordal bow of
the proatlas (Prescher et al., 1996). These bony out-
growths at the anterior margin of the foramen mag-
num are thus remnants of the anterior arch of the
proatlas.

Fig. 3. A simplified model of craniovertebral junction
and upper cervical vertebral development based on
O’Rahilly and M€uller (1984), M€uller and O’Rahilly (1994)
and Sensenig (1957). A, With migration of ventromedial
somital cells toward the notochord, segmented sclero-
tomes are formed. The longitudinal dashed lines repre-
sent the notochord. B, The lower half of occipital
sclerotomes 2, 3 and 4 and cervical sclerotomes undergo
condensation (dark regions). Segmental ganglia and
nerves, represented by circles, develop from the neural
crest. C, The cells from the caudal half of the sclerotome
migrate dorsolaterally through the interganglionic space.
Note the craniocaudal gradient in the development of the
neural arches, with more dorsolateral extension of the
hypochordal bows in the occipital region than in the cervi-
cal region. At this stage, the median (central) and lateral
segments are established, roughly representing the cen-
trum and neural arch of a developing vertebra. The
median part of the hypochordal bow of S2 begins to dis-
appear. The median segments of S3-S8 are still com-
posed of dense caudal and loose rostral parts. D, The
dense caudal parts of the centra of S2 (or O2) and S5
(C1) disappear. The dense caudal parts of the other scle-
rotomes are now smaller. The fissures of von Ebner (hori-
zontal grey bars) separate the caudal and loose rostral

parts of S7 and S8 (C3 and C4, respectively). The median
portion of the hypochordal bow of S3 disappears. The lat-
eral mass derived from the hypochordal bow of S2 is
fused with the hypochordal bow of S3 laterally, leaving
the two hypoglossal nerve rootlets within in a single
canal. E, The re-arrangement at the S7–9 centra occurs
in such a way that the dense caudal part of S7 joins the
loose rostral part of S8 (S7–8 fusion or future C3 verte-
bra) and the dense caudal part of S8 joins the loose upper
part of S9 (S8-S9 fusion or future C4 vertebra). S9 is not
shown in a-d. The centra of S1 to S4 fuse to form the
basiocciput. The centra of S5 and S6 and the loose rostral
part of the S7 centrum fuse to form the dens and body of
the C2 vertebra. Note the hypochordal bows of S3 and S4
are fused laterally. F, The final re-arrangement of the
occipitocervical junction is achieved. Note the hypoglos-
sal nerve within the exocciput formed by fusion of the lat-
eral bars (or extensions) of the hypochordal bows of O2-
O4. The lateral bars of S7 and S8 form the neural arches
of C3 and C4. Fusion of the upper dense parts of S7–
8 forms intervertebral disc C2-C3 and fusion of the upper
dense parts of S8-S9 forms intervertebral disc C3-C4.
The development of the remaining vertebrae is similar to
that of the C3 and C4 vertebrae. [Color figure can be
viewed at wileyonlinelibrary.com]
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PROATLAS SEGMENTATION
MALFORMATION AND VARIABLE
MANIFESTATIONS OF THE PROATLAS

The proatlas, which can be found in some lower
vertebrates, is a separate and unique atlas-like verte-
bra partitioned between the occipital bone and the
atlas (Rao, 2002; Scheuer and Black, 2004). In con-
trast to a typical developing vertebra, the hypochordal
bow of S4 never fuses with the centrum of S5 under
normal conditions in man. Instead, it partially
regresses and normally only contributes to the inferior
portion of the basiocciput and the caudal part of the
exocciput. The apex of the dens and the medial por-
tion of the apical ligament are formed from the cen-
trum of S5, which also contributes to formation of the
lateral regions of the occipital condyles. This unique
craniovertebral sclerotomal segmentation pattern dic-
tates that the mesodermal constituents of the proatlas
in man should be integrated into the occipital bone
and axis. An array of osseous anomalies and varia-
tions can arise from the craniovertebral junction if:
(a) this pattern of segmentation in the craniocervical
junction is disordered; (b) the mesodermal constitu-
ents of the proatlas are distributed abnormally; (c)
the hypochordal bow of S4 hypertrophies or fails to
regress partially; or (d) the centrum of S5 abnormally
tends to be liberated from the axis or fuses with the
hypochordal bow of S4. The term “proatlas segmenta-
tion failure or malformation” has been applied to this
ontogenetic error by several authors (Menezes and
Fenoy, 2009; Goel and Shah, 2010; Xu et al., 2010).
The associated anomalies or variations are collectively
referred to as “proatlas remnants” or “manifestations
of the proatlas,” which are grouped under a broader
category of “manifestations of the occipital vertebrae”
(Table 1) (Csakany, 1957; Denisov and Kabak, 1984;

Menezes, 1995; Prescher, 1997; Goel and Shah,
2010; Xu et al., 2010). In an evolutionary sense, the
proatlas segmentation malformation represents a
phylogenetic regression in the ontogeny of the cranio-
vertebral junction with an attempt to retain the proat-
las and liberate it from the occipital region (Gladstone
and Erichsen-Powell, 1915; Stratemeier and Jensen,
1980). To our knowledge, there has only been only
one reported case of a persistent proatlas as an addi-
tional atlas-like vertebra in the human species
(Tsuang et al., 2011; Shoja et al., 2012a,b).

With such a complicated process, it is not surprising
that anatomical presentations of the proatlas segmen-
tation malformation are quite variable, some being
more clinically significant than others. Some of the
less clinically significant remnants of the proatlas,
such as the basilar and precondylar processes and
prebasioccipital arch, were discussed earlier. The clini-
cally significant anomalies have an incidence rate of
approximately 1.4%. They often result in compression
of the lower brain stem (Menezes and Fenoy, 2009)
and sometimes manifest as anomalous bony excres-
cences around the foramen magnum (Stratemeier
and Jensen, 1980; Menezes and Fenoy, 2009). Nor-
mally, the tip of the odontoid process is not present
and the basiocciput tends to be elongated and to pro-
trude posteroinferiorly into the foramen magnum
(Menezes, 1995; Menezes and Fenoy, 2009). This
basioccipital protrusion is embryologically derived
from the centrum of S5. Occasionally, the apex of the
dens is present but is small and malformed. If there is
no hypoplasia of the odontoid, the posteroinferiorly
directed median bony projection at the anterior mar-
gin of the foramen magnum is the third occipital con-
dyle (condylus tertius), which sometimes articulates
with the apex of the dens or the anterior arch of the
atlas (Prescher, 1997). As the notochord travels
toward the back of the hypochordal bow of S4, the

Fig. 4. The remnants of the anterior arch of the
proatlas (reproduced from Oetteking (1923) with permis-
sion from John Wiley and Sons). The arrow shows the ori-
entation of the specimens: An., anterior; Po., Posterior. A
shows two basilar processes. Some regard these as the
paremedian precondylar processes. B shows a single
large condylus tertius. C shows a backward spur-like

projection from the median portion of the anterior margin
of the foramen magnum. Some advocate that this spur-
like projection is not derived from the proatlas but repre-
sents ossification of the attachment of the apical ligament
(Oetteking, 1923; Tubbs et al., 2000). [Color figure can
be viewed at wileyonlinelibrary.com]
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osseous anomalies in front of the apical ligament, such
as the condylus tertius, represent the derivatives of the
hypochordal bow. The apical ligament attaches to the
basion over the condylus tertius (Ganguly and Roy,
1964). A triangular projection from the anterior margin
of the foramen magnum, medial indentation from the
occipital condyle and non-fusion, inward displacement
and hypertrophy of the condyle, os terminale persis-
tens (Fig. 5) and os odontoideum are among the clini-
cally significant variants of proatlas remnants
(Stratemeier and Jensen, 1980; Menezes and Fenoy,
2009; Pang and Thompson, 2011). Menezes (1995)
found that only eight patients had clinically significant
proatlas segmentation malformations out of 100 with
Chiari malformation and craniovertebral junction
anomalies. Likewise, hindbrain herniation accompanied
proatlas segmentation malformations in 33% of cases
(Menezes and Fenoy, 2009).

OSSIFICATION OF THE ATLAS

As stated earlier, the mesodermal primordium of
the atlas is derived from the hypochordal bow of S5.
Ganguly and Roy (1964) believed that before the
embryo attains a CRL of 30 mm (approximately the
eighth gestational week), the precartilaginous proatlas
is divided and its dorsal caudal half incorporates into
the cartilaginous primordium of the atlas while its
ventral cranial part incorporates into the occipital car-
tilage at the anterior margin of the foramen magnum.
This view is held by some recent authors (Menezes,
2008; Menezes and Fenoy, 2009) but its accuracy is
uncertain. This is because the embryonic specimens
presented by Ganguly and Roy (1964) lacked 11–30
mm CRL embryo stages, which encompass a period of
substantial development in the craniovertebral junc-
tion. Macalister (1893) studied the developmental
anatomy of the atlas thoroughly and reported that the
ring of the atlas is completely chondrified at the fifth
week of gestation. By the seventh week, two ossifica-
tion centers appear at the root of the posterior arch
close to the lateral masses, which grow in a retro-
grade direction to form the right and left posterior
bony hemi-arches. This growth continues after birth
until the right and left hemi-arches of the posterior
arch fuses and closes in the dorsomedian plane at 4
years of age. The bilateral ossification centers also
extend forward into the lateral masses and outward
into the transverse processes (Macalister, 1893).
There is a delay in the ossification of the anterior
arch, which commences during the first year of life.
Initially, two unequally sized ossification centers
appear in the median part of the cartilaginous anterior
arch, which rapidly fuse to form a single dominant
ossification center; this grows backwards and laterally
to join the lateral mass by the fifth year of age (Mac-
alister, 1893). If there is failure in the development of
the median ossification centers of the anterior arch,
ossification will then proceed to the midline from the
lateral masses of the atlas (Allen, 1879).

ATLANTOOCCIPITAL ASSIMILATION
AND OTHER DEVELOPMENTAL
ANOMALIES OF THE ATLAS

Occipitalization of the atlas, or atlantooccipital
assimilation/fusion, is a process by which the atlas is
either completely or partially fused with the occipital
bone and is recognized as one of the most common
anomalies of the craniovertebral junction (Chopra
et al., 1988). Its prevalence ranges from 0.5% to 3%
in different series (Bergman et al., 1996; Gholve
et al., 2007; Kassim et al., 2010) and it appears to
have a multifactorial causation, often aggregated in
families (Kalla et al., 1989). The syndromic forms of
atlantooccipital assimilation have been associated
with Klippel-Feil syndrome and DiGeorge syndrome
(Gholve et al., 2007; Menezes, 2008). Embryologi-
cally, the assimilation takes place when the primordia
of the atlas and occiput are still cartilaginous (Macalis-
ter, 1893), but it is questionable whether this fusion
can also occur in the early mesodermal stage. The

Fig. 5. Embryogenesis of the proatlas segmentation
malformation - os terminale persistens (Bergman’s ossi-
cle) variant (after Gladstone and Erichsen-Powell, 1915).
The upper and lower images show the mesenchymal/
chondrified and osseous stages of the craniocervical junc-
tion, respectively. In the upper image, a small segment of
notochord (star) is shown traversing between the centra
of S5 and S6. In the lower image, the original fetal posi-
tion of the notochord is superimposed on the components
of the craniocervical junction. Note that the hypochordal
bow of S4 contributes to the basion, and the centrum of
S5 to the tip or apophysis of the odontoid. Normally, the
centra of S5–7 fuse to form the dens and body of the axis.
Failure of fusion leads to the formation of an independent
center for chondrification and ossification in the S5 cen-
trum and results in the tip of the odontoid being isolated,
giving rise to os terminale persistens. On the other hand,
if mesenchymal fusion and chondrification of the dens
occur normally, the tip of the odontoid can be separated
from the dens by an intervening synchondrosis derived
from the vestigial remnant of the S5 hypochordal bow.
This synchondrosis usually ossifies, and failure of its ossi-
fication also gives rise to os terminale persistens. The
notochord has an S-shaped course through the basiocci-
put and passes through the os terminale persistens; it is
located on the ventral surface of the basiocciput at its
midportion and runs obliquely within its rostral and caudal
parts (Gasser, 1976).
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anterior arch of the atlas fuses with the basion at the
anterior margin of the foramen magnum, the posterior
arch with the lower end of the supraocciput at the
posterior margin of the foramen magnum, the supe-
rior articular facet with the occipital condyles antero-
lateral to the foramen magnum, and the transverse
process of the atlas with the jugular process of the
occipital bone (Allen, 1879; Macalister, 1893). Atlan-
tooccipital assimilation results in a 15–35% reduction
in the surface area of the foramen magnum (Tubbs
et al., 2011) and is occasionally associated with os
odontoideum and basilar invagination (Gholve et al.,
2007). An animal model suggests that aberrations in
homeobox (Hox) gene expression are associated with
atlantooccipital assimilation (Condie and Capecchi,
1993). The family of highly conserved transcription

regulatory proteins encoded by Hox genes is impor-
tant in patterning and determining the segmental fate
of the axial skeleton in vertebrates (Burke et al.,
1995; Ferrier and Holland, 2001; Pourqui�e, 2009). In
an evolutionary sense, and unlike the proatlas seg-
mentation malformation, atlantooccipital assimilation
represents phylogenetic progression in the ontogeny
of the craniovertebral junction with an attempt to inte-
grate an additional vertebra into the occipital region
(Gladstone and Erichsen-Powell, 1915; Stratemeier
and Jensen, 1980).

There have been reports of other developmental
anomalies of the atlas (Allen, 1879; Macalister, 1893;
Pang and Thompson, 2011). Defects (hypoplasia, dys-
plasia, agenesis, or clefts) in the anterior arch are less
common than in the posterior arch. In a series of 21

Fig. 6. Basichondrium of a 20 mm CRL embryo, �8th

week of fetal life (reproduced with some modifications
from Kernan, 1916). The foramen magnum is very large
at this stage. The exocciput is shown between two solid
lines on the left side. The territory of the parietal plate is
marked on the right side. The parietal plate of the occipi-
tal bone is anteroinferiorly fused with the otic capsule and

posteroinferiorly with the exocciput, and extends posteri-
orly as the tectum synoticum. The caudal portion of the
prechordal cartilage contributes to the basisphenoid, and
the rest of it and the appendages develop into the anterior
basicranium (Parsons, 1911). [Color figure can be viewed
at wileyonlinelibrary.com]
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patients with either confirmed or suspected Chiari I
malformation, agenesis of the anterior or posterior
arches of the atlas or variable degrees of atlantoocci-
pital assimilation were the most frequent osseous
anomalies at the craniovertebral junction (Davies,
1967). In another series that involved 100 patients
with Chiari malformation and concomitant craniover-
tebral junction anomalies, atlantooccipital assimilation
was found in 92 (Menezes, 1995). These observations
suggest that anomalies of the atlas are familiar in
patients with hindbrain herniation and could indicate a
common underlying ontogenetic error or could actu-
ally entail a cause-effect relationship.

BASICRANIAL DEVELOPMENT

The basicranium is composed of a flat anterior part
and an oblique posterior part (clivus). The posterior
part comprises basisphenoidal (anterosuperior) and
basioccipital (posteroinferior) segments that are
joined by an intervening sphenooccipital synchondro-
sis. The rostral end of the notochord delineates the
caudal part of the sphenooccipital synchondrosis. The
development of the basicranium proceeds in three

stages: mesenchymal condensation, chondrification
and ossification (Friede, 1981; Lemire, 2000). Once
the mesenchymal (desmal or blastemal) basicranium
is formed, chondrification and ossification take place
in a posteroanterior direction with the posterior cranial
fossa being the first and the anterior fossa the last to
chondrify or ossify (Friede, 1981). Chondrification is
completed during the third month of gestation. Chon-
drification and ossification are overlapping stages sep-
arated in space. In simpler terms, while
chondrification is occurring in the anterior portion of
the basicranium, the posterior basicranium begins
ossifying (Friede, 1981). What follows relates to the
posterior basicranium, which contributes to the forma-
tion of the posterior cranial fossa.

The segmented (sclerotomal) nature of the devel-
oping basiocciput was first discovered by Froriep in
calves, Weiss in rats and Levi in humans (cf. Sch€afer
et al., 1908). The initial mesenchymal primordium of
the basicranium was found to occur during the first
month of gestation. Chondrification appears in the
basioccipital region during the second month (Sch€afer
et al., 1908). Initially, two longitudinal cartilaginous
plates (also referred to as parachordal plates) are

Fig. 7. The posteroinferior aspect of the basichon-
drocranium and occipital region of a 43 mm CRL fetus,
�12th week of fetal life (reproduced with modifications
from Macklin, 1921). The tectum synoticum is regressed
and the upper part of the posterior border of the parietal
plates is free. The tectum posterius is derived from the
parietal plates and exoccipital wings and is arbitrarily

composed of two lateral pieces and a central piece
(marked by dashed lines). At this stage, ossification pro-
gresses in the central part of the tectum posterius, the
anterior (root) portion of the exocciput and the caudal
portion of the basiocciput. [Color figure can be viewed at
wileyonlinelibrary.com]
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formed on either side of the cephalic notochord
around the fifth week of gestation (Sch€afer et al.,
1908; Gasser, 1976; Friede, 1981). Simultaneously,
the cartilaginous otic capsule is also developing but is
separate from the parachordal cartilage (Sch€afer
et al., 1908; Friede, 1981). The two parachordal
plates fuse across the midline to form a single plate,
known as the basal or chordal plate, surrounding the
notochord (Sch€afer et al., 1908; Friede, 1981). The
cartilaginous otic capsule is then incorporated into the
basal plates laterally (Sch€afer et al., 1908). The seg-
mented nature of the basiocciput begins to disappear
during the late mesenchymal stage and is totally lost
with fusion of the cartilaginous centers (Sch€afer et al.,
1908; Parsons, 1911). The basal cartilage is divided
caudally and each division extends dorsolaterally in a
horizontal plane and on either side of the foramen
magnum as the exoccipital plate, that is, the cartilagi-
nous primordium of the exocciput (Sch€afer et al.,
1908; Parsons, 1911; Kernan, 1916). The hypoglossal
nerve passes through a foramen in the cartilaginous
exocciput; this foramen is large during the cartilagi-
nous stage but become smaller with ossification. In
front of the rostral end of the notochord, which also
marks the rostral border of the parachordal plates,
chondrification occurs in the prechordal cartilage and
its appendages (Parsons, 1911).

In an embryo of 20 mm CRL (eighth week of gesta-
tion), the basichondrocranium is composed of four
regions; occipital, otic, orbitotemporalis, and ethmoi-
dal (Kernan, 1916). The following account of basi-
chondrocranial development is derived from Kernan’s
study. The central portion of the basichondrocranium
comprises two continuous ventral and dorsal bars
marked by a transverse crest between them (Fig. 6).

The transverse crest is the primordium of the dorsum
sellae. The dorsal cartilaginous bar is the chordal
(basal) plate and the ventral bar is the prechordal
plate. The cartilaginous otic capsule is fused with the
lateral border of the basal plate, and the line of fusion
is marked as the basicapsular commissure or sulcus.
The caudal end of the basal plate marks the anterior
margin of the foramen magnum. Ventrally, each exoc-
cipital plate is composed of two cranial and caudal
roots with an intervening foramen through which the
hypoglossal nerve travels. These roots represent the
pedicles (neural arches) of the occipital vertebrae.
Dorsally, the two roots unite to form a single flat carti-
laginous plate known as the exoccipital wing. The lat-
eral border of the exoccipital plate is ventrally
separated from the otic capsule by the jugular fora-
men and is dorsally fused with it at the capsulooccipi-
tal commissure. At its posterior border, the exoccipital
wing joins a thin plate of triangular cartilage known as
the parietal plate of the occipital bone, the apex of
which is pointed anteriorly toward the otic capsule.
The inferior border of the parietal plate fuses with the
otic capsule anteriorly and the exoccipital wing poste-
riorly. Its superior border is free. From the upper part
of the posterior border of the parietal plate, a narrow
band of cartilage extends from either plate dorsally
and fuses with the contralateral counterpart to form a
thin ribbon of cartilage known as the tectum synoti-
cum of “Kernan” or tectum cranii anterius of “Fawcett”
(Fig. 6). At this stage, the basichondrocranium con-
tains a very large foramen magnum.

The later stages in basichondrocranial development
are prominently characterized by development in the
posterior occipital region between the parietal plates
and exoccipital wings of both sides. This region

Fig. 8. Schema showing the mastoid fontanelle and
its related cartilaginous fissures at birth. The fissures are
replaced by the sutures in the adult skull, and some
sutures are obliterated completely when the bones fuse.

The mastoid fontanelle seems to be the remnant of the
fetal parietal plate. The mendosal fissure is the remnant
of the tectum synoticum (Niida et al., 1992). [Color figure
can be viewed at wileyonlinelibrary.com]

476 Shoja et al.

http://wileyonlinelibrary.com


corresponds to the cartilaginous supraoccipital part of
the occipital squamous bone. As indicated by the
arrows in Figure 6, the parietal plates (below the tec-
tum synoticum) and exoccipital wings of the right and
left sides extend dorsomedially, ultimately fusing in
the dorsal midline to form a wide, trapezoidal cartilag-
inous plate posterior to the foramen magnum, known
as the tectum posterius of “Kernan” or tectum cranii
posterius of “Fawcett.” Simultaneously, the tectum
synoticum undergoes regression. This view has been
supported by Levi (1899), Macklin (1921), and Kernan
(1916), and more recently by M€uller and O’Rahilly
(1980). With regression of the tectum synoticum, the
parietal plate simultaneously shrinks (Kernan, 1916).
The posterior aspect of the basichondrocranium and
occipital region in a fetus of 43 mm CRL (approxi-
mately twelfth week of fetal life) is shown in Figure 7.
The final fate of the parietal plate of the occipital bone
is not well described in the literature, but is most
likely retained as the mastoid fontanelle and gives rise
to the superolateral part of the cartilaginous supraoc-
ciput next to the fontanel. In fact, it has been shown
that the mendosal fissure, which postnatally is con-
nected to the mastoid fontanelle, is the remnant of
the tectum synoticum of the parietal plate (Niida
et al., 1992). Figure 8 shows the mastoid fontanelle
and its relationship to the supraocciput and exocciput
at birth. The different components of the posterior
basichondrocranium and their relationships are sche-
matized in Figure 9.

By the 14th week of gestation, the basichondrocra-
nium achieves its complete maturation (Fig. 10) and
endochondral ossification has already been initiated in
several other centers (Sch€afer et al., 1908; Friede,
1981). Ossification of the cartilaginous basicranium
occurs sequentially and in a consistent direction (Kjaer
1990). The first ossification centers in the supraoccipi-
tal, exoccipital and basioccipital regions appear in 30,
37, and 51 mm CRL embryos, respectively (Lang,
2001). There is one ossification center in the basiocci-
pital and exoccipital segments; however, the supraoc-
cipital segment develops from multiple ossification
centers (Mall, 1906). Radiographically, the ossified
basiocciput is easily recognizable when the fetus
attains a CRL of 80–100 mm (Kjaer 1990), as is the
basisphenoid and anterior basicranium in fetuses of
100 to 150 mm CRL (Kjaer 1990). During the second
trimester, the rate of longitudinal growth of the poste-
rior basicranium is approximately half of that of the
anterior basicranium (Jeffery, 2002a). Details of the
development of the anterior basicranium are beyond
the scope of this review.

CONTRIBUTION OF CELLS OF NEURAL
CREST ORIGIN TO THE BASICRANIUM

In their inspirational work, McBratney-Owen and
colleagues (2008) demonstrated that the basicranial
mesenchyme that is both rostral and caudal to the
sphenooccipital synchondrosis is derived from neural
crest and mesoderm, respectively, in a mouse model
(Fig. 11). The sphenooccipital synchondrosis is initially
of dual origin, its rostral half being from the neural

crest-derived prechordal cartilage and its caudal half
from the mesoderm-derived basiocciput (McBratney-
Owen et al., 2008). After birth, the neural crest-
derived cells in the synchondrosis vanish and the syn-
chondrosis becomes entirely mesodermal. Later, the
mesoderm-derived osteoblasts are brought into the
caudal basisphenoid through endochondral ossification
of the sphenooccipital synchondrosis (McBratney-
Owen et al., 2008). The boundary of the neural crest-
and mesoderm-derived basicranium—only roughly
correlating with the prechordal-chordal boundary—is
ontogenetically and phylogenetically important as it
marks the transition from the mesoderm-derived basi-
cranium (posteriorly) to the neural crest-derived basi-
cranium anteriorly. Since they contribute to the
formation of the head including the basicranium, cells
of neural crest origin could have been predominant in
the evolution of vertebrates from chordate-like ances-
tors (Gans and Northcutt, 1983).

DEVELOPMENT OF THE OCCIPITAL
BONE

At birth, the occipital bone comprises a squamous
portion and a basioccipital and two exoccipital seg-
ments (Fig. 12). The developmental anatomy of the

Fig. 9. A schematic drawing of the posterior basi-
chondrocranium. The parachordal plates fuse to form a
single basal plate. The exocciput is composed of a root
(Ex-1) and a wing (Ex-2). The otic capsule is located lat-
eral to the exocciput and basal plate. Note this schema is
a simplified drawing and lacks some details of the ana-
tomical relationships between the related parts. The tec-
tum synoticum (TS), which is a temporary structure,
originates from the upper part of the base of the parietal
plate. The tectum posterius (TP) originates from the lower
part of the base of the parietal plate and exoccipital wing.
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basioccipital and exoccipital segments has been dis-
cussed previously. The squamous portion is derived
from a lower cartilaginous plate (the origin of this
plate from the parietal plates and exoccipital wings
has been discussed) and an upper membranous part.
The upper membranous part comprises ribbon-like
intermediate and triangular interparietal segments
(Fig. 13). The membranous interparietal segment is
formed by two medial and two lateral plates, one on
either side of the midline, in which the medial plates
are separated by a median fissure (Srivastava, 1992;
Choudhary et al., 2010). Each plate as well as the
intermediate segment has two ossification centers
(Srivastava, 1992). At 12–15 weeks of gestation, the
lateral plates of the membranous interparietal region
grow medially and fuse together to form a single
hybrid between the intermediate segment below and
the medial plates of the interparietal segment above
(Shapiro and Robinson, 1976; Srivastava, 1992). A
transverse occipital fissure separates the intermediate
from the interparietal segment. Subsequently, the
transverse fissure is obliterated medially by the fusion

of the intermediate and interparietal segments and is
thereafter called the lateral (or mendosal) fissure,
which is distinguishable at 16 weeks of gestation (Sri-
vastava, 1992). At this time, the median fissure
mostly disappears as the two medial plates fuse (Sri-
vastava, 1992).

In a developed skull, the highest nuchal line signi-
fies the border between the intermediate segment
and interparietal bone, whereas the superior nuchal
line represents the border between the intermediate
segment and the cartilage-derived supraocciput. Ini-
tially, the lateral fissure transforms into a suture
(mendosal suture) at the lateral part of the highest
nuchal line. With complete fusion of bones, the men-
dosal suture normally disappears between the second
and fourth years of life. If this does not occur, the
mendosal suture can persist, as reported in 16% of
adult skulls (Tubbs et al., 2007). Very rarely, the
entire transverse fissure/suture between the interme-
diate and interparietal segments can persist; this
should not be confused with the mendosal suture
(Lochmuller et al., 2011). It should be noted here that

Fig. 10. The superior aspect of the basicranium in a
fetus of 80 mm CRL, �14th week of fetal life (reproduced
with slight modifications from Hertwig, 1906). The jugu-
lar foramen is located between the otic capsule and exoc-
ciput. Two other foramina are visible, one between the
otic capsule and the tectum posterius (capsulooccipital

foramen) and one between the otic capsule and the parie-
tal plate (capsuloparietal foramen). These foramina
transmit emissary veins. They disappear or are retained
as the mastoid foramina in adults. [Color figure can be
viewed at wileyonlinelibrary.com]
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the terms “fissure” and “suture” are often used inter-
changeably, some authors favoring one over the other
(Balboni et al., 2005). In a morphological sense, they
are different stages of the same structure; ontogenet-
ically, the fissure is replaced by the suture, and the
suture can be completely obliterated following
ossification.

The appearance of ossification centers in the supra-
occipital cartilage has long been controversial. Accord-
ing to Mall (1906), two paramedian ossification
centers appear in the 55-day-old embryo and these
speedily fuse into a single median center. Simulta-
neously, two new ossification centers appear lateral to

the fusing paramedian centers, to which they also join
by Day 57. Therefore, on Day 58, there is a single
ossifying mass across the supraoccipital midline. As
mentioned earlier, the supraoccipital cartilage can be
arbitrarily divided into a central plate and two lateral
plates (Fig. 7). The paramedian centers occupy the
central plate and lateral centers occupy the upper
parts of the lateral plates (Srivastava, 1977). Srivas-
tava (1977) also mentions another independent ossifi-
cation center in the lower part of the lateral plate of
the supraoccipital cartilage on either side. The differ-
ent segments and plates of the developing supraocci-
pital squama are schematized in Figure 13. The rapid
formation and fusion of the supraoccipital ossification
centers could account for the discrepancies in the lit-
erature regarding the number and arrangement of
those centers.

BASICRANIAL ANGLE, PLATYBASIA
AND BASILAR KYPHOSIS

The basal angle is formed between the axes of the
anterior and posterior basicranium. For practical pur-
poses, the center of the pituitary fossa (Koenigsberg
et al., 2005), tuberculum sellae (Schady et al., 1987;
Jeffery, 2005), or dorsum sellae (Koenigsberg et al.,
2005) is used as a landmark for the basicranial hinge
around which the posterior basicranium rotates. The
basion is invariably used as the inferior limit of the
posterior basicranium (Schady et al., 1987; Jeffery,
2005; Koenigsberg et al., 2005), and the foramen
cecum (Jeffery, 2002b, 2005) or nasion (Koenigsberg
et al., 2005) is used as the front limit of the anterior
basicranium. Figure 14 shows different landmarks and
methods used for measuring the basicranial angle.
The posterior basicranium retroflexes during the fetal
period, increasing the basicranial angle (Jeffery,
2002b, 2005; Jeffery and Spoor, 2002). This retroflex-
ion moves the basion dorsally and superiorly, flattens
the basicranium (Jeffery and Spoor, 2002) and
decreases the ventral depth of the posterior cranial

Fig. 11..

Fig. 11. Dynamic changes in the boundary of the
neural crest- and mesoderm-derived basicranium based
on a mouse model (reproduced, with permission from
Elsevier, from McBratney-Owen et al., (2008) with modifi-
cations). AC, acrochordal cartilage; BC, basal cartilage;
BO, basiocciput; BS, basisphenoid; HC, hypophyseal car-
tilage; PS, presphenoid; PSS, presphenoidal synchondro-
sis; TC, trabecular cartilage; SOS, sphenooccipital
synchondrosis. A, the fetal period. The acrochordal carti-
lage is the rostral part of the basal cartilage surrounding
the tip of the notochord. The black region is a mesoder-
mal derivative and the yellow region is a neural crest
derivative. B, the early postnatal period. Note that the
sphenooccipital synchondrosis has a dual origin. C, the
late postnatal period. With apoptosis of neural crest cells
and introduction of mesoderm-derived osteoblasts into
the caudal basisphenoid, the mesoderm-neural crest
boundary moves anteriorly. The entire sphenooccipital
synchondrosis is now mesodermally derived. [Color fig-
ure can be viewed at wileyonlinelibrary.com]
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fossa. There are two hypotheses about the mecha-
nism of posterior basicranial retroflexion: enlargement
of the intracranial space and, more importantly,
expansion of the developing upper airways, which can
act from above and below to flatten the skull base
(Jeffery and Spoor, 2002; Jeffery, 2005). Excessive
retroflexion of the posterior basicranium results in pla-
tybasia, whereas insufficient retroflexion results in
basilar kyphosis. The normal angle varies slightly
depending on the method and landmarks used for its
measurement. An angle between 1258 and 1438 is
generally considered normal (Koenigsberg et al.,
2005). A basicranial angle >1438 indicates platybasia
and one <1258 indicates basilar kyphosis (Koenigs-
berg et al., 2005). Isolated and mild platybasia is
asymptomatic and affects the posterior fossa volume
insignificantly (Hodak et al., 1998). Moderate to
severe platybasia is often associated with basilar
invagination (Smoker, 1994). The basicracranial angle
is greater in patients with Chiari I malformation
(Schady et al., 1987).

BASILAR INVAGINATION AND
BASILAR IMPRESSION

Basilar invagination occurs when the caudal part of
the occipital bone is displaced inward and upward,
and the vertebral column and skull base abnormally
approximate each other. It is one of the most common

anomalies of the craniovertebral junction. In severe
cases, the odontoid process is prolapsed into the fora-
men magnum (Schady et al., 1987). Basilar invagina-
tion can be congenital or secondary to such conditions
as Paget’s disease, osteogenesis imperfecta, hyper-
parathyroidism, rickets, and so forth (Smoker, 1994).
The secondary or acquired forms of basilar invagina-
tion are referred to as basilar impression (Smoker,
1994). The congenital forms are associated with
hypoplasia of the atlas, basiocciput, and/or occipital
condyle, platybasia and atlantooccipital assimilation
(Bares, 1975; Smoker, 1994) and a higher incidence
of hindbrain herniation (Bares, 1975; Schady et al.,
1987). Such associations do not necessarily reflect a
cause-effect relationship in all cases. Instead, they
can represent consequences of the same pathological
mechanism. The craniocervical growth collision theory
of Roth is worth mentioning here as a potential
embryological explanation for the occurrence of basi-
lar invagination and associated anomalies. According
to Roth (1986), following an early embryonic period of
predominant neural growth, the proliferation of skele-
togenic tissue and vertebral growth ultimately over-
take the growth of the spinal cord. Normally, the
vertebral column grows in a cranio-caudal direction
resulting in expansion of the vertebrae below the dis-
tal end of the spinal cord. If the distribution of skele-
togenic tissue is reversed for any reason and vertebral
growth occurs in a caudo-cranial direction, the grow-
ing vertebral column collides with the developing skull

Fig. 12. The occipital bone at birth (after Piersol, 1918). [Color figure can be
viewed at wileyonlinelibrary.com]
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base (Roth, 1986). This collision will push the poste-
rior skull base and the margin of the foramen mag-
num upward and compress the primordia of the
occipital and cervical vertebrae against each other,
potentially leading to abnormal segmentation at the
craniovertebral junction, fusion of the atlas and occipi-
tal bones, platybasia, and prolapse of cervical verte-
bral column into the skull base.

There are several morphometric criteria for diag-
nosing basilar invagination (Hinck et al., 1961). Figure
15 shows some of the reference lines used for this
purpose. Basilar invagination is divided into two
groups, one without (Group 1) and one with (Group
2) associated Chiari I malformation (Goel et al., 1998;
Pearce, 2007). Currently, only about 20% of patients
with basilar invagination have Chiari malformation
(Pearce, 2007). Pure basilar invagination has pyrami-
dal motor and proprioceptive deficits, whereas basilar
invagination with Chiari malformation usually presents
chronically with cerebellar and vestibular deficits
(Caetano de Barros et al., 1968; Goel et al., 1998). A
familial form of basilar invagination has been reported
and an autosomal dominant pattern of inheritance

with incomplete penetrance and variable expressivity
was suggested for this case (Paradis and Sax, 1972).

SHALLOWNESS OF THE POSTERIOR
CRANIAL FOSSA IN CHIARI I
MALFORMATION

Various linear morphometric measurements have
been defined to determine the dimensions and size of
the posterior cranial fossa and occipital bone (Fig. 16).
In a study comparing the depths of the posterior cra-
nial fossa among Chiari I patients aged over 15 years
with normal controls, the height of the supratentorial
occipital region (H) was similar in the two groups
(Karag€oz et al., 2002). However, the posterior fossa
height or depth (h) was approximately 16% less
among the Chiari 1 patients. This observation, which
has been confirmed in several other studies (Schady
et al., 1987; Greenlee et al., 1999), implies that
patients with Chiari I malformation have a shallow pos-
terior fossa. As the supratentorial and infratentorial

Fig. 13. A line diagram showing the different seg-
ments contributing to the development of the squamous
portion of the occipital bone and their respective ossifica-
tion centers. 1, medial plates of the interparietal seg-
ment; 2, lateral plates of the interparietal segments; 3,
lateral plates of the supraoccipital cartilage; 4, central
plate of the supraoccipital cartilage. The intermediate
segment and cartilage-derived supraocciput together

form the supraoccipital part of the occipital squama. The
ossification centers are indicated by black circles. The
dashed lines represent the boundaries between them.
The variable separation and fusion of the different plates
and/or ossification centers can result in the formation of
variant sutures and sutural (inca) bones in the adult skull
(Choudhary et al., 2010).
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parts of the squamous occipital bone are composed of
membranous and cartilaginous origins, respectively,
the shallowness of the posterior fossa reflects an
abnormality of the occipital squamous bone restricted
to its cartilage-derived lower part.

UNDERDEVELOPMENT OF THE
OCCIPITAL BONE AND BASIOCCIPITAL
HYPOPLASIA IN CHIARI I
MALFORMATION

Nishikawa et al. (1997) compared the occipital
bone morphometry among patients aged 15 years
and older with Chiari I malformation, and to healthy
age- and gender-matched controls. The supraocciput
and exoccipital heights (measured from the jugular
tubercle to the atlantooccipital joint) were �20%
lower in patients with Chiari I malformation. In
another study, Noudel et al. (2009) compared the
basioccipital lengths (measured from the sphenoocci-
pital synchondrosis to the basion) among 17 patients
with Chiari I malformation aged over 16 years with
healthy controls. The basioccipital length was also
lower among Chiari I patients. The association of a
short clivus with Chiari I malformation has been con-
firmed by other studies (Vega et al., 1990; Karag€oz

et al., 2002). The bulk of evidence indicates that the
supraoccipital, exoccipital and basioccipital segments
of the occipital bone are underdeveloped and hypo-
plastic, albeit to various degrees, in Chiari I malforma-
tion (Cesmebasi et al., 2015). Severe basioccipital
hypoplasia or dysgenesis is associated with basilar
invagination (Nishikawa et al., 1997). Dysgenesis of
the basiocciput can be associated with a normal-
appearing basisphenoid (Shah and Goel, 2010).
Basioccipital dysgenesis (with scalloping, concavity,
and thinness) has also been reported in the Chiari II
malformation (Schady et al., 1987).

NOLINEAR NATURE OF OCCIPITAL
BONE DYSPLASIA IN CHIARI I
MALFORMATION

In order to elucidate the nature of occipital bone
dysplasia in Chiari I malformation, a meta-analysis
was performed. Figure 17 shows the results of this
meta-analysis for four studies that reported the
means and standard deviations of clival or supraocci-
pital length or size of the foramen magnum in adult
patients with Chiari I malformation (Milhorat et al.,
1999; Karag€oz et al., 2002; Aydin et al., 2005; Dufton
et al., 2011). Although there were significant reduc-
tions in the lengths of the supraocciput and clivus, the
meta-analysis indicated that the overall size reduction
is more prominent in the supraocciput than in the cli-
vus. This is consistent with the observations by Nishi-
kawa et al. (1997) and Dagtekin et al. (2011) on
adult Chiari I patients in whom the supraocciput was
significantly more underdeveloped than the clivus.
The meta-analysis also indicated a tendency for the
foramen magnum to widen anteroposteriorly; how-
ever, this increase in foramen magnum size was
not proportionate to the retardation of the supraocci-
put and clivus. Overall, it seems that occipital bone
dysplasia in Chiari I malformation is nonlinear and
different parts of this bone are disproportionately
affected.

To recap, the supraocciput develops through a mor-
phologically complex process of chondrification and
ossification. The chondrified supraocciput is derived
from the parietal plate and exocciput, and is com-
posed of lateral and central plates. The lateral plates
ossify by two upper and lower ossification centers and
the central plate by two centers that rapidly fuse. The
parietal plate undergoes partial reversion during fetal
life, rendering the upper part of the chondrified supra-
occiput derived from this plate also vulnerable to
regression. This could potentially provide an embryo-
logical basis for the shortening of the supraocciput in
Chiari malformation.

MIDFACE RETROCESSION IN CHIARI
MALFORMATION

In an experimental fetal animal model of Chiari
malformations and spinal dysraphism induced by a
single maternal dose of vitamin A, Marin-Padilla and

Fig. 14. Midsagittal magnetic resonance imaging of
the head. The different landmarks used for measuring the
basicranial angle are shown. 1, nasion; 2, foramen
cecum; 3, tuberculum sellae; 4, center of pituitary fossa;
5, dorsum sellae; 6, basion; 7, opisthion. Note the
opisthion-basion-tuberculum sellae angle is known as
Boogard’s angle. The size of the posterior cranial fossa
decreases with an increase in Boogard’s angle (Schady
et al., 1987).
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Fig. 15. Reference lines used for diagnosing basilar
invagination. Chamberlain’s line connects the posterior
end of the hard palate to the opisthion (O). McGregor’s
line extends from the posterior end of the hard palate to
the lowest point on the midline supraoccipital curve
(Hinck et al., 1961; Smith et al., 2010). Note the posterior
margin of the foramen magnum is curved upward into the
posterior cranial fossa, which is usually the case in basilar
invagination. McRae’s line extends from the basion (B) to
the opisthion (O). Twining’s line connects the tuberculum
sellae (TS) and the endinion (En). A line perpendicular to
Twining’s line, which passes through the apex of the dens,

is the Klaus height index line (Hinck et al., 1961). Nor-
mally, the apex of the dens should lie below McRae’s line
(Smith et al., 2010). Severe basilar invagination is diag-
nosed when the odontoid process violates McRae’s line.
The diagnosis of basilar invagination is considered if the
odontoid process extends beyond 5 mm and 7 mm above
Chamberlain’s and McGregor’s lines, respectively (Smith
et al., 2010). A Klaus height index <30 mm indicates basi-
lar invagination and a value between 30 and 36 mm indi-
cates a tendency toward basilar invagination (Hinck et al.,
1961). It should be mentioned that opinions differ on the
cutoff value of those diagnostic measurements.

Fig. 16. Linear morphometry of the posterior cranial
fossa and occipital bone. McRae’s and Twining’s lines are
shown. A line perpendicular to Twining’s line is drawn at
one quarter of its distance from the endinion (internal
occipital protuberance) connecting the inner table of
bones in the infra- and supra-tentorial compartments.
The distances between Twining’s line and the inner table

of the skull in the supratentorial and infratemporal
regions respectively indicate the depth of the posterior
fossa in the supraoccipital region and the height of the
supratentorial occipital region (Krogness, 1978; Karag€oz
et al., 2002). The lengths of the supraocciput and clivus
are represented by the two-headed arrows 1 and arrow
parallel to the clivus, respectively.
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Marin-Padilla (1981) noted that underdevelopment of
the occipital bone and posterior cranial fossa causes
the maxilla to take a more posterior position within
the viscerocranium, leading to retrocession of the
midface. In humans, a subtle midface retrocession
can best be evaluated by the length of Chamberlain’s
line; a short Chamberlain’s line reflects midface retro-
cession with respect to the occipital region. Chamber-
lain’s line is shorter in patients with Chiari I
malformation, reflecting a subtle abnormality in the
midface (Schady et al., 1987). Interestingly, patients
with greater midface retrocession have smaller poste-
rior fossae (Schady et al., 1987). Further studies are
required to elucidate the potentially more pervasive,

albeit subtle, abnormalities of the viscerocranium
among Chiari patients.

CONCLUSIONS

The embryology of the posterior cranial fossa is com-
plex and relies on a unique timing of various neurovas-
cular and bony elements. Derailment of these
developmental processes can lead to a wide range of
malformations such as the Chiari malformations. There-
fore, a good working knowledge of this embryology is
important for those treating patients with involvement
of this region of the cranium.

Fig. 17. Forest plots comparing the clival and supra-
occipital lengths and anteroposterior diameter of the fora-
men magnum among adult patients with Chiari I
malformation and controls. Homogeneity-based meta-
analysis was performed using Review Manager Version 5
for Windows (Cochrane Collaboration and Update Soft-
ware). Homogeneity between studies was assessed using

the standard Cochran’s Q and I2 statistics. A fixed effect
model (for a data set with non-significant heterogeneity)
or random effect model (for a data set with significant
heterogeneity) was used to merge odds ratio values and
to estimate the overall effect size. Overall effect, odds
ratios and confidence intervals are presented. [Color fig-
ure can be viewed at wileyonlinelibrary.com]
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