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Abstract

Purpose The groove of the vertebral artery on the posterior arch of the atlas (sulcus arteriae vertebralis) may become a
complete or partial osseous foramen: the arcuate foramen. The presence of a complete or partial arcuate foramen is a rare
anatomical variant described in a minority of patients and it seems to be associated with vertigo, vertebro-basilar insuffi-
ciency, posterior circulation strokes, and musculoskeletal pain. As the number and morphology of cervical vertebrae is highly
preserved, we questioned about its significance from an evolutionary point of view. We thus investigated through an extensive
literature review if the arcuate foramen is a pure anatomical variation shape or if it might represent an adaptation legacy.
Methods We observed five atlas of an extinct species, the Late Pleistocene Mammoths (M. primigenius), and we compared
them with five atlas of a closely related existent species, the African elephant (L. africana).

Results All the mammoths’ atlas had an arcuate foramen through which the vertebral artery passed before turning anteriorly
and becoming intradural. This foramen was not present in elephants’ atlas, where only a groove was observed, such as in
the majority of patients.

Conclusion We would like to raise the hypothesis that this peculiar morphology of mammoths’ atlas might have contributed,
in association with other factors, to their precocious extinction and that the arcuate foramen might represent a disadvantage
in the evolutionary process, with a low prevalence in humans being the result of a natural selection.

Keywords Atlas - Arcuate foramen - Mammoth - Elephant - Extinction - Evolution - Cervical vertebra - Vertebral artery -
Groove

Introduction

The arcuate foramen (AF) is an osseous foramen present at
the place of the classical groove for the vertebral artery (sul-
cus arteriae vertebralis) on the posterior arch of the atlas.
It is a well-described anatomical variant [17, 27, 39] and
it was first reported in 1879 [3]. Many etiological hypoth-
eses have been advanced to explain the presence of AF.
It may completely or partially encircle the suboccipital
nerve, the vertebral venous plexus, and the vertebral artery
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existing from the transverse foramen and turning anteriorly
to become intradural (atlantic portion or V3). Its morphol-
ogy is thus highly variable and it may be uni or bilateral [19,
43]. Only a small percentage of patients’ variable from 4%
[32,34]t0 17% [4, 9, 13, 16, 19] has been reported as having
a true canal for the vertebral arteries in the posterior arch
of the atlas and this finding is generally not related with sex
[7, 16, 19, 27, 36]. This anomaly is called under different
anatomical designations: arcuate foramen, foramen arcuale,
perpendicular foramen, retroauricular foramen, posterior
foramen, or Kimmerle’s anomaly. In our surgical experience,
we operated patients of every age and they rarely presented a
complete or a partial AF (about 0.5% of our surgical cohort,
unpublished data). The number and morphology of cervi-
cal vertebrae in mammals are remarkably preserved during
evolution and changes seem to be associated with deleteri-
ous pleiotropic effects and thus to evolutionary constraints
[42]. Therefore, these anatomical variations might represent
a legacy or an adaptive evolution within the same species.
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We had the opportunity to examine the Atlas of an extinct
species, the Late Pleistocene mammoths (M. primigenius)
and we compared them to the Atlas of a very close related
existing species, the African elephant (Loxodonta africana),
searching for the presence of an AF. We thus wandered if
the extinction of the AF may be just considered a simple
anatomical variant or better a step of evolution adaptation
legacy.

Methods
Ethic statement

The local ethics committee of the Bretonneau Hospital
approved this study. All necessary permits were obtained
for the described study, which complied with all relevant
regulations.

Specimens

We analysed five dried atlas of Late Pleistocene mammoths
(M. primigenius) of unknown age and sex from private col-
lection (Weill collection, numbers 1-5, Alencon, France)
and 5 (3 females, 2 males) atlas of L. africana from the col-
lection of Comparative Anatomy, Mammals and Birds of the
Natural History Museum Paris (MNHN-ZM-AC 1-3 and 4,
5; Paris, France). After a careful inspection, these vertebrae
were examined for the existence of an osseous bridge or
exostosis behind each superior articular process of the atlas,
thus transforming the groove of the vertebral artery into a
complete or partial foramen.

Fig. 1 Atlas of Late Pleisto-
cene Mammoths. a Oblique
view, b lateral view, ¢ superior
oblique view, d superior view.
A anterior tubercle, P posterior
tubercle, SF superior articu-

lar facet, LT lateral tubercle,
*transverse foramen. All the
samples analysed showed the
presence of a bony bridge start-
ing from the posterior surface
of the superior articular process
and thus delimitating the arcu-
ate foramen (black star). The
trajectory of the vertebral artery
is marked by a red arrow. (Color
figure online)
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Results

All five atlas of Late Pleistocene mammoths showed a bony
bridge starting from the posterior surface of the superior
articular process. Every sample presented a bilateral AF
and the ossification was complete (Fig. 1a, b). The vertebral
artery exited the transverse foramen of the axis and bended
laterally to pass through the transverse foramen of the atlas.
From here, the artery turned posteriorly to pass around the
posterior border of the superior facet and it went through the
AF to become intradural (Fig. 1c, d).

On the contrary, none of the atlas of L. africana showed
AF but only a groove for the passage of the vertebral artery
from the transverse foramen to the foramen magnum
(Fig. 2).

Discussion
Etiology of arcuate foramen

Embriology of the atlas is widely described in the litera-
ture [25], while the etiology of the arcuate foramen is still
debated [2].

The ossification of the posterior arch and lateral masses
of the atlas begins at the 7th week of intrauterine life with
an ossification centre in each lateral mass and a progressive
ossification dorsally [40]. Final fusion occurs at 4 years of
life. The groove of the vertebral artery is situated behind the
lateral masses of the atlas and different theories have been
advances to explain the presence of a complete/incomplete
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Fig.2 Atlas of Loxodonta africana. a, b Superior view of the cer-
vical spine showing the course of the vertebral artery, ¢ posterior
view of the atlas of a young male, and d superior view of the cervi-
cal spine of an old male. A anterior tubercle, P posterior tubercle, SF
superior articular facet, LT lateral tubercle, O odontoid, « transverse
foramina, VG vertebral groove, *transverse foramen, red*, vertebral
canal of C1; red arrows, anatomical path of vertebral arteries. All the
atlas presented only a groove for the vertebral artery on the superior
surface of the posterior arch and no bony bridge or arcuate foramen

foramen. The ossification of the connective tissue surround-
ing the vertebral artery might be the cause, as well as the late
ossification of the posterior atlanto-occipital membrane [34].

Other authors advance the hypothesis that the AF is con-
sequent to an anomalous ossification of the posterior pon-
ticulus, a delicate bony spiculum (remnant of the proatlas)
arching backward from the posterior end of the superior
articular process and forming an osseous bridge [7, 10,
18, 45]. A progressive ossification had been proposed by
some authors, but in most of cases, a congenital alteration
in grades of ossification has been supposed [9]. A greater
external stress on the craniovertebral junction may also rep-
resent a favouring factor [19].

The ethnic predisposition is largely discussed in the lit-
erature [9]. A recent paper had been published claiming
that the real frequency of the ponticulus posticus would
be higher than expected in the general population, reach-
ing 22.5%, being more frequent in men (p < 0.01) and in
black Americans (p < 0.01) [31]. The lowest prevalence

was detected. In a, b, d, the posterior arches of the axis and the atlas
have been removed. Large transverse foramina are evident and a large
transverse foramen was also present in the atlas. Like in most mam-
mals, the vertebral arteries ascend the cervical spine passing through
the transverse foramina (red hatched curved), therefore, when cross-
ing the transverse foramen of Cl, arteries run along the posterior
arch of the atlas in their groove (red continuous arrow). (Color figure
online)

was, however, reported in South-East Asia and the highest
in North America [9].

A bilateral and complete bilateral AF is the most com-
monly reported finding [4, 32] (Fig. 3).

Pathological repercussion of AF

The fact that the atlas forms only a bony annular structure is
important, as it allows the movement of rotation [28]. More
than 50% of head rotation occurs at the alantoaxial joint [15]
and the most vulnerable tract of the vertebral artery is at the
C1-C2 level and in particular in its passage in the transverse
foramina and in the sulcus arteriae vertebralis [12, 29]. The
vertebral artery is in fact compressed and stretched during
extreme rotation movements. Animals showing a 360° rota-
tion of the head, such as the owls, present very large trans-
verse foramina, allowing head twist [11]. The presence of
a supplementary bony canal for the vertebral artery, such
as AF, may represent a supplementary constraint for head
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Fig.3 A 29-year-old patient
was diagnosed for an os
odontoideum in the context of

a transient tetraparesis after a
cervical hyperflexion move-
ment. The radiological workout
showed a bilateral complete
arcuate foramen (white arrows).
The cervical CT shows the fora-
men in the sagittal plane (a left
side and b right side) and in the
axial place (c¢). The angio-CT in
the coronal plane (d) shows the
injected vertebral arteries pass-
ing through the foramen before
turning anteriorly and becoming
intradural (V3 segment)

movements, through a compression of the V3 segment, and
it may predispose to vertebral artery injury [9, 41].

In the literature, variants of the upper cervical spine and
craniocerebral junction anomalies were associated with
anomalies of the vertebral arteries [35]. The presence of
AF was associated with vertebral artery atherosclerosis [10,
26], musculoskeletal pain [7], chronic tension-type head-
aches, and sensori-neural hearing loss [18]. Movements of
cervical stretching, rotation, and bending in the foramen
may cause excessive external pressure on the V3 segment,
with a dynamic stenosis and alterations in the normal blood
flow [41]. This observation was associated with a higher
incidence of Barre-Lieou syndrome [22], Bowhunter’s syn-
drome [38], or posterior circulation strokes in patients with
AF [10, 26], as repetitive and even minimal injuries to the
vertebral arteries are considered a risk factor. The presence
of AF might also have a causative role in the genesis of ver-
tebral dissection [10, 39] and it was described as predispos-
ing factor for the sudden infant death syndrome [10].

One paper described also a high prevalence of ponticu-
lus posticus in a small cohort of patients with Gorlin—-Goltz
syndrome (50% of patients) [14], thus confirming a previous
study reporting an anomalous calcification of the atlanto-
occipital ligament in this disease [21].

A higher incidence of AF was further recorded in patients
with a class III malocclusion when compared to other classes
(»<0.05) [1, 5] and in patients with cleft lip and palate [6].

The clinical significance of AF is unclear, but its presence
should be carefully considered when a C1 instrumentation or
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decompression is planned, because it may provide the false
impression of a broader posterior arch [27] and it may be
misleading in calculating the entry point for screws place-
ment or in performing C1 laminectomy. A iatrogenic injury
of the vertebral artery may easily occur in these cases [41].

Consequences in the kingdom of evolution

We noted that the atlas of Late Pleistocene mammoths (M.
primigenius) has a complete foramen for the vertebral artery,
while the atlas of their closely related existent species, the
African elephants (L. africana), has only a groove, as in
humans. Through our observations and literature analysis,
we would like to advance the hypothesis that the presence
of AF might represent a disadvantage in the evolutionary
process and its low prevalence in the human population was
the result of a natural selection.

Mammoths had a precocious extinction and their high
incidence of cervical ribs was associated with an increased
incidence of congenital anomalies [30]. Hence, a combina-
tion of inbreeding and harsh conditions may be the most
likely explanation for this phenomenon [23, 24]. As the
number and morphology of cervical vertebrae are extremely
conserved in mammals, we wonder if the presence of AF
would have been an index of supplementary associated per-
nicious pleiotropic effect, disadvantageous for the species.

In the animal kingdom, almost all Japanese macaques (M.
fuscata) have a bilaterally complete posterior bridge and the
prevalence increases with age [44]. A founder effect may,
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however, not be excluded. What we discovered, through a
selective review of the literature existing on this species, is
that the Japanese macaques have a significantly shorter life
expectancy than the other species: the survival is estimated
at 6 years for M. fuscata [37], and between 20 and 30 years
for other macaques [8]. Similarly, the progressive disappear-
ance of the atlantal ponticles constitutes an evolutionary ten-
dency characteristic of primates, as studies of comparative
anatomy reported a progressive trend of disappearance of
the ponticles [14, 20, 33].

Conclusion

Because the number and the morphology of cervical verte-
brae are extremely preserved in embryogenesis, the presence
of AF in the atlas of Late Pleistocene mammoths might have
been a contributing factor to the extinction of this species.

AF might be associated to a negative selective pressure
also in other species. This hypothesis has, however, to be
confirmed by phylogenetic and epidemiological studies
involving larger populations.
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