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Abstract

In anatomically modern humans, the atlas can display an unfused transverse
foramen (UTF) but currently the presence of UTF in the Neandertal lineage is
uncertain due to a scarcity of prevalence studies and no exhaustive record of
its presence throughout the entire hominin fossil record. In this context, this
study aimed to assess the UTF prevalence in Neandertal lineage fossils. In the
Neandertal lineage fossil record, UTF was identified in three atlases: a Middle
Pleistocene Preneandertal fossil (VC3) from Sima de los Huesos, and the Nean-
dertal specimens Kebara 2 and Krapina 98. These results suggest that UTF
may have been present in the hominin lineage since, at least, the Middle Pleis-
tocene. An UTF could have been present in other, older hominin lineages but
this remains unclear due to the generally poor preservation of atlases outside
the Neandertal lineage fossil record. However, the existence of UTFs in the
Neandertal lineage warrants further investigation into the evolutionary and
developmental factors underlying this vertebral morphological variation.
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1 | INTRODUCTION

The first cervical vertebra (C1) or atlas differs from
other cervical vertebrae in its anatomy and function
(Scheuer & Black, 2000). It consists of an anterior and
posterior arch, two lateral masses, and a neural fora-
men (Drake et al., 2010; White et al., 2011). The lateral
masses contain a transverse process (TP) and both
superior and inferior articular facets. The superior
facets articulate with the occipital condyles, while the
inferior facets and the internal surface of the anterior
arch articulate with the axis (C2), the second cervical
vertebra. Within each TP, there is a transverse foramen
(TF) which is the passageway for the vertebral artery
(VA) and vertebral veins. Each TF of the atlas allows
for the passage of the VA, on its way superiorly to meet
the contralateral partner artery to form the basilar
artery, which is accompanied by the vertebral veins. In
addition, sympathetic fibers join the vertebral nerve/
plexus usually from the vertebral ganglion and/or infe-
rior cervical/stellate ganglion. Ventral rami from the
upper six cervical spinal levels also connect to the ver-
tebral nerve/plexus carrying somatosensory informa-
tion (Drake et al., 2010).

The TF of cervical vertebrae has traditionally been
described as consisting of three components: (1) the
true TP located posteriorly (known as diapophysis),
(2) an anterior vestigial costal element or rudimentary
cervical rib (referred to as pleurapophysis), and (3) for
some authors, a costotransverse bar laterally
(Castellana & Kosa, 1999; Cave, 1975; Macalister, 1868;
Scheuer & Black, 2000; Starck, 1978). However, the
pioneering study made by Allen (1879) on variants of
the human atlas, is still acknowledged (Allen, 1879,
p. 25): “The anterior part of the TPs of the typical cervi-
cal vertebrae is now usually looked on as the homolog
of a rib, its extremity being comparable with the body,
its point of origin with the head, and the part directly
in front of the arterial foramen with the neck of a rib.
This part in the atlantal and axial TPs has, however, a
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somewhat different morphological signification from
that of the typical cervical vertebrae.”

In anatomically modern humans (AMHs), the atlas
ossifies from three primary centers. Each lateral mass
develops a center that includes the articular pillar and
approximately half of the posterior arch, becoming active
during the seventh week of prenatal life. Additionally,
the anterior arch has its own ossification center, which
becomes active during the first year of life. The TP forms
through the fusion of a thick posterior bar, resulting from
the lateral extension of the ossification center of the lat-
eral mass, which is already present at the time of birth
and a thinner anterior bar that develops from the ventro-
lateral edge of the articular pillar, which develops later.
The posterior bar will fuse to the anterior bar, passing
around the position of the VA, forming the TF between
the third and fourth year of life. The anterior center of
ossification gradually spreads laterally, forming a distinct
anterior arch during the third or fourth year of life.
Fusion between the anterior arch, which is located along
the front portions of the superior articular facet, and each
lateral mass at the neurocentral junction occurs around
the fifth-sixth year of life (Allen, 1879; Macalister, 1893;
Menezes, 2008; Menezes & Fenoy, 2009; Scheuer &
Black, 2000). It is known that 7.9% to 10.2% of AMH
atlases can display unclosed or unfused transverse fora-
men (UTF) (Figure 1) (Billmann & Le Minor, 2009;
Sanchis-Gimeno et al., 2018; Travan et al., 2015; Wysocki
et al., 2003).

Because nearly 10% of AMH may have a UTF, it
would be worthwhile to know how this morphological
variation fares among other hominin species, especially
the closest lineage, the Neandertals. Nonetheless, the
prevalence of UTF in the Neandertal lineage is uncertain
due to a dearth of prevalence studies and there is no
exhaustive record of its presence throughout the entire
hominin fossil record or its potential prevalence among
fossil specimens. Following on from this, the objective of
this study was to determine the presence of the UTF in
the Neandertal lineage fossil record.

FIGURE 1 Caudal view of
anatomically modern human
(AMH) atlases with fused (left)
and unfused (right) transverse

foramina.

Unfused
transverse
foramen
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2 | MATERIALS AND METHODS

We reviewed the Preneandertal and Neandertal fossil
record in order to assess the absence/presence of UTF.
The UTF absence/presence was determined through
visual inspection of the original specimens and a compre-
hensive review of the literature (Table 1). The Neandertal
atlas fossil record is relatively abundant and at least
15 atlases from nine sites have been found. The Kebara
2, Krapina 98, Krapina 99, Krapina 100, La Ferrassie
1, La Chapelle-aux-Saints 1, La Quina H5 atlases, and the
atlases SD-1643 and SD-1605/1595 from El Sidrén pre-
serve, at least, one complete TP. In the case of Regourdou
1 (Gémez-Olivencia et al., 2013), it is nearly complete. In
the case of Feldhofer, Schmitz et al. (2002) describe the
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presence of a right articular surface of an atlas (NN17)
which has not been illustrated, but we assume that it
does not preserve the TP. In addition, Preneandertal
atlases from the Middle Pleistocene site of Sima de los
Huesos (Sierra de Atapuerca, Burgos, Spain) were also
studied (Table 1).

3 | RESULTS

In the known Neandertal sample there are two speci-
mens that show UTF: Kebara 2 on the left TP and Kra-
pina 98 on the right TP. For the current Neandertal fossil
record, we would obtain a maximum prevalence of UTF
of 20% (2 individuals out of 10) based on the individuals

Number of complete®
transverse processes
(number of atlases

TABLE 1 Neandertal lineage atlas vertebrae fossil record.
Sample (S)/individual Number
Taxon (label) of atlases
Preneandertals Sima de los Huesos (S) 11 3(2)
Homo Kebara 2 1 1
neanderthalensis Krapina 98 1 1
Krapina 99 1 1
Krapina 100 1 1
La Ferrassie 1 1 1
La Chapelle-aux-Saints 1 1 1
La Quina H5 1 0
Neandertal (NN 17) 1 0?
Regourdou 1 1 1)
Shanidar 1 1 0?
Shanidar 2 1 0
El Sidrén (SD-1643) 1 1
El Sidrén (SD-1605/1595) 1 1
El Sidrén Atleast2 0

(remaining sample)

with at least
one complete)

Notes Reference(s)

Carretero et al. (1999);
Gomez-Olivencia et al.
(2007); Gomez-Olivencia
and Arsuaga (2024)
Arensburg (1991); this work

Trinkaus (2016); Palancar,
Garcia-Martinez, et al.
(2020)

Trinkaus (2016)
Trinkaus (2016)

Heim (1976);
Gémez-Olivencia (2013a)

Boule (1911-1913);
Gomez-Olivencia (2013b)

Specimen lost Martin (1923)

(Verna, pers. com.)
Not illustrated Schmitz et al. (2002)

Gobmez-Olivencia et al.
(2013)

Trinkaus (1983)
Trinkaus (1983)

Rios et al. (2015); Palancar,
Torres-Tamayo, et al. (2020)
Rios et al. (2015); Palancar,
Torres-Tamayo, et al. (2020)

Palancar, Torres-Tamayo,
et al. (2020)

#Complete or nearly complete transverse processes in which it is possible to observe the presence/absence of UTF; Values between () correspond to estimations

(nearly complete transverse foramina); N/O = non-observable.
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in which it is possible to observe the complete
TP/TF. Moreover, we would obtain a minimum preva-
lence of UTF of 13.3% (2 individuals out of 15), assuming
the absence of UTF in the fragmentary TPs in which it
has not been possible to perform the observation. For
both Kebara 2 and Krapina 98, an UTF only preserves on
one TP making this morphology unilateral, but given the
preservation of these atlases, it is not possible to rule out
that they could be bilateral.

Among the Preneandertals from Sima de los Huesos,
a single case of UTF was observed (VC3) among the two
atlas specimens preserving at least one complete TF. In
the Sima de los Huesos sample a minimum of 11 atlases
are represented, but in most of the specimens the TPs are
missing (Gémez-Olivencia et al., 2007; Gémez-Olivencia
& Arsuaga, 2024). For the current Preneandertal fossil
record, we would obtain a maximum prevalence of UTF
of 50% (one individual out of two) based on the individuals
in which it is possible to observe the complete
TP/TF. Moreover, we would obtain a minimum prevalence
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of UTF of 9.1% (1 individual with UTF out of 11), assum-
ing the absence of UTF in the fragmentary TPs in which
it has not been possible to perform the observation.

4 | DISCUSSION

We have found the presence of three atlases with UTF in
the Neandertal lineage (i.e., Neandertal and Preneander-
tal) fossil record: VC3 from Sima de los Huesos, Kebara
2 and Krapina 98 (Figure 2) (Billmann & Le Minor, 2009;
Sanchis-Gimeno et al., 2018; Travan et al., 2015; Wysocki
et al., 2003). The prevalence of UTF among known fossil
atlases in Preneandertals (9.1%-50%) and Neandertals
(13.3%-20%) would be similar to and/or higher than stud-
ied AMH populations (7.9%-10.2%; Wysocki et al., 2003;
Billmann & Le Minor, 2009; Travan et al., 2015; Sanchis-
Gimeno et al., 2018). However, it should be noted that
the relative number of preserved TF in the hominin fossil
record in which it is possible to assess the prevalence of

FIGURE 2

Selected fossil hominin atlases of the Neandertal lineage in cranial view with fused and unfused transverse foramina (UTF;

marked with an asterisk). Middle Pleistocene atlases from Sima de los Huesos: (a) AT-2584; (b) VC3. Neandertal atlases: (c) La Ferrassie 1;

(d) Krapina 99; (e) Krapina 100/101; (f) Krapina 98; (g) Kebara 2.
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UTF is relatively low, both in absolute terms and also in
relative terms, compared to the total amount of known
hominin atlases in the fossil record because vertebrae are
generally fragile and preservation is often variable.

The likely anthropic origin for the Sima de los Huesos
hominin accumulation (SH; 430-300 ka), located in the
Cueva Mayor-Cueva del Silo karst system in the Sierra de
Atapuerca (Burgos, Spain) (Arsuaga et al., 2014, 2015,
2024) has yielded evidence of at least 11 atlases. However,
only two of them preserve the TPs complete enough for
study: (1) the partial atlas AT-2584, which preserves the
left lateral mass, and a nearly complete left TP and
the posterior arch; and (2) the complete atlas VC3 which
preserves both TPs with the left side having an UTF
(Carretero et al.,, 1999; Gomez-Olivencia et al., 2007;
Gomez-Olivencia & Arsuaga, 2024). The relatively large
number of known partial-to-complete skeletons of Nean-
dertals is due to burial practices (see Pettitt, 2011 for a
review) and this could be, at least partially, the reason for
the larger record of preserved atlases. There are, however,
other factors to be considered, as burial practices do
not always ensure the preservation of atlases, which
are inherently fragile and prone to damage from fossil
diagenetic processes or recovery and identification
errors. One example would be the absence of an atlas
in Neandertal skeletons found with bones in anatomi-
cal articulation such as the individual Tabun C2
(McCown & Keith, 1939).

The presence of UTFs in the atlas of other species of
early Homo (e.g., Homo erectus) and other hominin gen-
era such as Australopithecus remains unclear because
there has been no prior formal investigation of this varia-
tion in their fossil records. In order to address this possi-
bility, we have reviewed the current hominin atlas fossil
record (see references in Table 2). The australopithecine
atlas fossil record consists of two specimens assigned to
Australopithecus anamensis, two specimens from Sterk-
fontein of which one is attributed to Australopithecus pro-
metheus, and a single Australopithecus afarensis atlas.
Finally, there is one atlas from Koobi Fora for which
there is uncertainty as to which species the fossil belongs
to (either Paranthropus boisei or Homo sp.). Two partial
atlas fragments attributed to A. anamensis (c. 4.2 Ma)
and representing two different individuals were described
by Meyer and Williams (2019a). Both of these fragments
preserve the roots of the TF, but the TP is not complete.
The Sterkfontein Member 2 from Silberberg Grotto
(Sterkfontein Caves) has yielded a near-complete skele-
ton of A. prometheus (StW 573; “Little Foot”) with a chro-
nology of 3.67 Ma (Bruxelles et al., 2019; and references
therein). This skeleton preserves a complete atlas
(Beaudet et al., 2020) which was found together with the
cranium, preserving both TPs, and not showing any sign

AR The Anatomical Record AT rRAVA | LEYJ_

of UTF. Beaudet et al. (2020) also report a partial atlas
from Sterkfontein (StW 679; Member 4; between 2.6 and
2.0 Ma; Herries et al., 2013) that preserves the left lateral
mass, the complete left TP and a fragment of the poste-
rior arch. The TP does not show any sign of UTF. Lovejoy
et al. (1982) published on a partial atlas (A.L.333-83) from
Hadar (c. 3.2 million years) attributed to A. afarensis pre-
serving the left lateral mass and part of the posterior
arch. However, the TP is not complete to assess whether
it had an UTF. KNM-ER 1825, dated to 1.7 Ma (Brown,
1995) and possibly belonging to either Homo sp. or Para-
nthropus boisei (see Meyer & Williams, 2019b for a com-
plete discussion), is an atlas preserving part of the
posterior arch with a left lateral mass preserving a com-
plete TF, though the TP is not complete (Leakey &
Walker, 1985).

Regarding the Early Pleistocene Homo atlas record,
there are two remains: KNM-ER 1808z attributed to
H. erectus and ATD6-90 assigned to a Homo antecessor.
KNM-ER 1808z (1.7 Ma; Feibel et al., 1989) is a fragmen-
tary atlas and part of a juvenile H. erectus partial skeleton
(Walker et al., 1982). It consists of the right lateral mass
and part of the posterior arch (Leakey & Walker, 1985).
However, it lacks the TPs. The nearly complete adult
atlas ATD6-90 from the TD6 level of Gran Dolina
(c. 949-772ka; Sierra de Atapuerca, Burgos, Spain)
(Duval et al., 2018) has been assigned to a female individ-
ual (Carretero et al., 1999; Gomez-Olivencia et al., 2007).
Both of the TPs preserve the roots of the TF but are not
complete to assess if they were unfused.

Regarding the Middle Pleistocene Homo atlas record,
five sites are of importance here: Zhoukoudian, Arago,
Sima de los Huesos, Dinaledi Chamber and Lesedi
Chamber. The Zhoukoudian Locality 1 (Dragon Hill,
People’s Republic of China) has yielded a partial atlas
(Locus I; level 8/9; c. 600-800 ka) attributed to H. erectus
missing its left side that shows a deep puncture bite mark
on its TP (Boaz et al., 2004 and references therein). As
the TP is lacking only its roots are noticeable and there-
fore it is not possible to ascertain the presence of an UTF.
The Caune de I'Arago (Tautavel, Roussillon, France) has
yielded an atlas from sublevel Gm (level G; Middle strati-
graphic assemblage; c. 450 ka) (de Lumley, 2022; Moigne
et al.,, 2006) attributed to Homo erectus tautavelensis
(Chevalier & de Lumley, 2022; de Lumley, 2015). This
atlas preserves the anterior arch and the left lateral mass
with one of the roots of the TP and does not preserve the
relevant morphology to assess the presence of an UTF.

The Dinadeli vertebral collection attributed to Homo
naledi has yielded two atlases (Williams et al., 2017).
Specimen U.W. 101-651 preserves the superior right
articular facet, a TF that is complete, and part of the pos-
terior arch (Williams et al., 2017; Williams, personal
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TABLE 2 Prevalence of UTF in fossil hominin atlases.
Number of
complete®
transverse
processes
(number of
atlases with at Number or
Sample (S)/ Number least one atlases

Taxon individual (label) of atlases complete) with UTF Notes Reference(s)

Australopithecus ASI-VP-2/219 1 0 N/O Meyer and Williams

anamensis (2019a)

ASI-VP-2/220 1 0 N/O Meyer and Williams
(2019a)
Australopithecus StW 573 (“Little Foot™) 1 2 0 Beaudet et al. (2020)
prometheus
Stw 679 1 1 0 Beaudet et al. (2020)

Australopithecus A.L.333-83 1 0 N/O Lovejoy et al. (1982)

afarensis

Homo sp./ KNM-ER 1825 1 1 0 Leakey and Walker (1985)

Paranthropus boisei®

Homo erectus KNM-ER 1808 1 0 N/O Leakey and Walker (1985)

Homo antecessor ATD6-90 1 0 N/O Carretero et al. (1999)

Homo erectus Zhoukoudian (no label) 1 0 N/O Boaz et al. (2004)

Homo erectus Arago (A122) 1 0 N/O Chevalier and de Lumley

tautavelensis (2022)

Homo naledi Dinaledi (U.W. 101-651) 1 1? 0? (N/O) Williams et al. (2017);
Williams, personal
communication

Dinaledi (U.W. 101-331) 1 0 N/O Williams et al. (2017);
Williams, personal
communication

Lesedi Chamber (102a-171 1 0 N/O Hawks et al. (2017);

and 102a-172)

Williams, personal
communication

“Complete or nearly complete transverse processes in which it is possible to observe the presence/absence of UTF.
"There is uncertainty as to which species the fossil belongs to, Homo sp. or Paranthropus boisei; N/O = non-observable.

communication). Specimen U.W. 101-331 does not pre-
serve the relevant morphology to assess the presence
of an UTF (Williams et al., 2017; Williams, personal
communication). The Lesedi Chamber within the Ris-
ing Star cave system has also yielded two atlas frag-
ments, UW. 102a-171 and U.W. 102a-172, that have
been attributed to the LES1 skeleton, and neither pre-
serves the relevant morphology to assess the presence
of an UTF (Hawks et al.,, 2017; Williams, personal
communication).

In summary, our research has confirmed the presence
of UTF in three atlases belonging to the Neandertal line-
age: the Middle Pleistocene Preneandertal VC3 atlas from
Sima de los Huesos and two Neandertal atlases (Kebara

2 and Krapina 98). In the case of the Sima de los Huesos
Preneandertals it would be one case out of two atlases
that preserve the TF (out of a total of 11 atlases repre-
sented in this site). In the case of Neandertals, the preva-
lence of UTF (between 13.3% and 20%) is slightly higher
than the prevalence known among AMH populations
that have been studied. Assuming that the observed
fossil prevalence is representative of the populations
from which they are derived, Neandertals (2 atlases
with UTF out of 15), Preneandertals (1 atlas with UTF
out of 11) and the combined samples (3 atlases out of
26) would not be significantly different from the preva-
lence published by Billmann and Le Minor (2009) for a
large H. sapiens population (51 atlases out of 500)
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(Chi* = 0.15487; p = 0.69; Chi* = 0.014484; p = 0.90;
and Chi? = 0.00062725; p = 0.98, respectively). It is
important to highlight, however, that the prevalence in
the fossil record could be biased due to the fragile
nature of the TP, which are only rarely preserved.

Nonetheless, our research suggests that UTF may
have been present in the hominin lineage since, at least,
the Middle Pleistocene. But, we believe an UTF could
have been present in all the hominin lineages and we
have simply yet to detect this possibility given the rela-
tively low number of well-preserved atlases outside the
Neandertal lineage fossil record.

AUTHOR CONTRIBUTIONS

Asier Gomez-Olivencia: Conceptualization; data cura-
tion; formal analysis; investigation; methodology;
resources; validation; writing — original draft; writing -
review and editing; supervision; funding acquisition.
Mikel Arlegi: Data curation; formal analysis; investiga-
tion; resources; validation; writing — original draft; writing
- review and editing; funding acquisition. Juan José
Valenzuela-Fuenzalida: Formal analysis; investigation;
methodology; writing - original draft; writing — review
and editing. Mathias Orellana-Donoso: Formal analysis;
investigation; methodology; writing — original draft. Juan
Luis Arsuaga: Data curation; resources; validation;
writing — review and editing; funding acquisition; supervi-
sion. Juan A. Sanchis-Gimeno: Conceptualization; for-
mal analysis; investigation; methodology; resources;
writing - original draft; writing - review and editing;
supervision.

ACKNOWLEDGMENTS

The authors thank the many curators that have allowed
us access to the collections under their care. The authors
thank our colleagues of the Atapuerca Research Team,
especially the Sima de los Huesos and the Gran Dolina
excavation teams, J. RadovCi¢ (Croatian Natural His-
tory Museum), Y. Rak (Tel Aviv University), P. Menne-
cier, D. Grimaud-Hervé, A. Fort, V. Laborde, L. Huet
(Muséum national d'Histoire naturelle). Thanks to
Scott Williams for sharing original photographs of the
H. naledi collection and to both Scott Williams and an
anonymous reviewer for their corrections. This study is
part of the project PID2024-156477NB-C33 funded by
the MCIU/AEI/10.13039/501100011033/FEDER/UE. Asier
Gomez-Olivencia was supported by Research Group
IT1485-22 from the Eusko Jaurlaritza-Gobierno Vasco
and the grant CNS2023-143739 funded by MICIU/
AEI/10.13039/501100011033, and by European Union
NextGenerationEU/PRTR. Mikel Arlegi was awarded a
British Academy International Fellowship (IF23/100647).

AR The Anatomical Record AT rRAVA | LEYJ_7

CONFLICT OF INTEREST STATEMENT
The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT
Availability of data, code, and other materials: The stud-
ied material is available at the respective museum.

ORCID

Asier Gomez-Olivencia
7831-3902

Juan A. Sanchis-Gimeno
2599-8474

https://orcid.org/0000-0001-

https://orcid.org/0000-0002-

REFERENCES

Allen, W. (1879). The varieties of the atlas in the human subject,
and the homologies of its transverse processes. Journal of Anat-
omy and Physiology, 14, 18-27.

Arensburg, B. (1991). The vertebral column, thoracic cage and
hyoid bone. In O. Bar-Yosef & B. Vandermeersch (Eds.), Le
squelette moustérien de Kébara 2 (pp. 113-147). Editions du
CNRS.

Arsuaga, J. L., Carretero, J.-M., Lorenzo, C., Gomez-Olivencia, A.,
Pablos, A., Rodriguez, L., Garcia-Gonzdlez, R., Bonmati, A.,
Quam, R. M., Pantoja-Pérez, A., Martinez, 1., Aranburu, A.,
Gracia-Téllez, A., Poza-Rey, E., Sala, N., Garcia, N., Alcazar de
Velasco, A., Cuenca-Bescés, G., Bermudez de Castro, J. M., &
Carbonell, E. (2015). Postcranial morphology of the middle
Pleistocene humans from Sima de los Huesos, Spain. Proceed-
ings of the National Academy of Sciences of the United States of
America, 112, 11524-11529.

Arsuaga, J. L., Martinez, 1., Arnold, L. J., Aranburu, A., Gracia-
Téllez, A., Sharp, W. D., Quam, R. M., Falgueres, C., Pantoja-
Pérez, A., Bischoff, J., Poza-Rey, E. Parés, J. M,
Carretero, J. M., Demuro, M., Lorenzo, C., Sala, N., Martinon-
Torres, M., Garcia, N., Alcazar de Velasco, A., ... Carbonell, E.
(2014). Neandertal roots: Cranial and chronological evidence
from Sima de los Huesos. Science, 344, 1358-1363.

Arsuaga, J.-L., Martinez, 1., Gracia-Téllez, A., Carretero, J.-M.,
Esquivel, A., Garcia, N., et al. (2024). How the Sima de los Hue-
sos was won. Anatomical Record, 307, 2225-2245.

Beaudet, A., Clarke, R. J., Heaton, J. L., Pickering, T. R,
Carlson, K. J., Crompton, R. H., Jashashvili, T., Bruxelles, L.,
Jakata, K., Bam, L., van Hoorebeke, L., Kuman, K., &
Stratford, D. (2020). The atlas of StW 573 and the late emer-
gence of human-like head mobility and brain metabolism. Sci-
entific Reports, 10, 4285.

Billmann, F., & Le Minor, J. M. (2009). Transverse foramen of the
atlas (C1) anteriorly unclosed: A misknown human variant and
its evolutionary significance. Spine, 34, E422-E426.

Boaz, N. T., Ciochon, R. L., Xu, Q., & Liu, J. (2004). Mapping and
taphonomic analysis of the Homo erectus loci at locality
1 Zhoukoudian, China. Journal of Human Evolution, 46,
519-549.

Boule, M. (1911-1913). L'homme fossile de la Chapelle aux Saints.
Annales de Paléontologie, 6, 111-172. 7:21-56, 85-192; 8:1-70.

Brown, F. (1995). Development of Pliocene and Pleistocene chro-
nology in the Turkana Basin, East Africa and its relation to


https://orcid.org/0000-0001-7831-3902
https://orcid.org/0000-0001-7831-3902
https://orcid.org/0000-0001-7831-3902
https://orcid.org/0000-0002-2599-8474
https://orcid.org/0000-0002-2599-8474
https://orcid.org/0000-0002-2599-8474

_l_W] LEY R The Anatomical Record [VANGEEY

other sites. In R. S. Corruchini & R. L. Ciochon (Eds.), Integra-
tive paths to the past: Paleoanthropological advances in honor of
F. Clark Howell (pp. 285-312). Prentice Hall.

Bruxelles, L., Stratford, D. 1J., R., Pickering, T. R,
Heaton, J. L., Beaudet, A., Kuman, K., Crompton, R,
Carlson, K. J., Jashashvili, T., McClymont, J., Leader, G. M., &
Clarke, R. J. (2019). A multiscale stratigraphic investigation of
the context of StW 573 ‘little foot” and member 2, Sterkfontein
caves, South Africa. Journal of Human Evolution, 133, 78-98.

Carretero, J. M., Lorenzo, C., & Arsuaga, J. L. (1999). Axial and
appendicular skeleton of Homo antecessor. Journal of Human
Evolution, 37, 459-499.

Castellana, C., & Kdsa, F. (1999). Morphology of the cervical verte-
brae in the fetal-neonatal human skeleton. Journal of Anatomy,
194, 147-152.

Cave, A. J. (1975). The morphology of the mammalian cervical
pleurapophysis. Journal of Zoology, 177, 377-393.

Chevalier, T., & de Lumley, M.-A. (2022). Les vertébres de ' Homme
de la caune de 1'Arago: L'atlas (A122) et l'axis (A123). In M.-A.
de Lumley (Ed.), Caune de I’Arago. Tautavel-en-Roussillon, Pyr-
énées-Orientales, France. Tome IX. Les restes humains du Pléisto-
céne moyen de la Caune de l'Arago (pp. 437-450). CNRS
Editions.

de Lumley, M.-A. (2015). L'homme de Tautavel. Un Homo erectus
européen évolué. Homo erectus tautavelensis. L'Anthropologie,
119, 303-348.

de Lumley, M.-A. (2022). Inventaire. Répartition stratigraphique.
Représentation anatomique. In M.-A. de Lumley (Ed.), Caune
de I’Arago. Tautavel-en-Roussillon, Pyrénées-Orientales, France.
Tome IX. Les restes humains du Pléistocéne moyen de la Caune
de I'Arago (pp. 21-46). CNRS Editions.

Drake, R. L., Wayne-Vogel, A., & Mitchell, A. W. M. (2010). Gray's
anatomy (2nd ed.). Elsevier.

Duval, M., Griin, R., Parés, J. M., Martin-Francés, L., Campaiia, L.,
Rosell, J., Shao, Q., Arsuaga, J. L., Carbonell, E., & Bermudez de
Castro, J. M. (2018). The first direct ESR dating of a hominin tooth
from Atapuerca gran dolina TD-6 (Spain) supports the antiquity of
Homo antecessor. Quaternary Geochronology, 47, 120-137.

Feibel, C. S., Brown, F. H., & McDougall, I. (1989). Stratigraphic
context of fossil hominids from the Omo group deposits: North-
ern Turkana Basin, Kenya and Ethiopia. American Journal of
Physical Anthropology, 78, 595-622.

Gomez-Olivencia, A. (2013a). The presacral spine of the La Ferras-
sie 1 Neandertal: A revised inventory. Bulletins et Mémoires de
la Société d’Anthropologie de Paris, 25, 19-38.

Gomez-Olivencia, A. (2013b). Back to the old man's back: Reassess-
ment of the anatomical determination of the vertebrae of the
Neandertal individual of La Chapelle-aux-saints. Annales de
Paléontologie, 99, 43-65.

Gomez-Olivencia, A., & Arsuaga, J. L. (2024). The Sima de los Hue-
sos cervical spine. The Anatomical Record, 307, 2451-2464.

Go6mez-Olivencia, A., Carretero, J. M., Arsuaga, J. L., Rodriguez-
Garcia, L., Garcia-Gonzélez, R., & Martinez, 1. (2007). Metric
and morphological study of the upper cervical spine from the
Sima de los Huesos site (Sierra de Atapuerca, Burgos, Spain).
Journal of Human Evolution, 53, 6-25.

Goémez-Olivencia, A., Couture-Veschambre, C., Madelaine, S., &
Maureille, B. (2013). The vertebral column of the Regourdou
1 Neandertal. Journal of Human Evolution, 64, 582-607.

Maire,

COMMENTARY

Hawks, J., Elliott, M., Schmid, P., Churchill, S. E., Ruiter, D. J.,
Roberts, E. M., Hilbert-Wolf, H., Garvin, H. M., Williams, S. A.,
Delezene, L. K., Feuerriegel, E. M., Randolph-Quinney, P.,
Kivell, T. L., Laird, M. F., Tawane, G., DeSilva, J. M.,
Bailey, S. E., Brophy, J. K., Meyer, M. R., ... Berger, L. R. (2017).
New fossil remains of Homo naledi from the Lesedi Chamber,
South Africa. eLife, 6, €24232.

Heim, J.-L. (1976). Les Hommes fossiles de la Ferrassie. I. Le gisement.
Les squelettes adultes (crdne et squelette du tronc). Masson.

Herries, A. I. R., Pickering, R., Adams, J. W., Curnoe, D., Warr, G.,
Latham, A. G., et al. (2013). A multi-disciplinary perspective on
the age of Australopithecus in southern Africa. In K. Reed, J.
Fleagle, & R. Leakey (Eds.), The paleobiology of Australopithe-
cus. Vertebrate paleobiology and paleoanthropology. Springer.

Leakey, R. E. F., & Walker, A. C. (1985). Further hominids from the
Plio-Pleistocene of Koobi Fora, Kenya. American Journal of
Physical Anthropology, 67, 135-163.

Lovejoy, C. O., Johanson, D. C., & Coppens, Y. (1982). Elements of
the axial skeleton recovered from the Hadar formation:
1974-1977 collections. American Journal of Physical Anthropol-
0gy, 57, 631-635.

Macalister, A. (1868). The homologies and comparative anatomy of
the atlas and axis. Journal of Anatomy and Physiology, 3, 54-64.

Macalister, A. (1893). Notes on the development and variations of
the atlas. Journal of Anatomy and Physiology, 27, 519-542.

Martin, H. (1923). L'Homme fossile de la Quina. Librairie Octave
Doin.

McCown, T. D., & Keith, A. (1939). The stone age of Mount Carmel.
The fossil human remains from the levalloiso-mousterian. Clar-
endon press.

Menezes, A. H. (2008). Craniocervical developmental anatomy and
its implications. Child's Nervous System, 24, 1109-1122.

Menezes, A. H., & Fenoy, K. A. (2009). Remnants of occipital verte-
brae: Proatlas segmentation abnormalities. Neurosurgery, 64,
945-953.

Meyer, M. R., & Williams, S. A. (2019a). Earliest axial fossils from
the genus Australopithecus. Journal of Human Evolution, 132,
189-214.

Meyer, M. R., & Williams, S. A. (2019b). The spine of early Pleisto-
cene homo. In E. Been, A. Gémez-Olivencia, & P. A. Kramer
(Eds.), Spinal evolution: Morphology, function, and pathology of
the spine in hominoid evolution (pp. 153-183). Springer.

Moigne, A.-M., Palombo, M. R., Belda, V., Heriech-Briki, D.,
Kacimi, S., Lacombat, F., de Lumley, M. A., Moutoussamy, J.,
Rivals, F., Quiles, J., & Testu, A. (2006). Les faunes de grands
mammiferes de la Caune de 1'Arago (Tautavel) dans le cadre
biochronologique des faunes du Pléistocéne moyen Italien.
L’Anthropologie, 110, 788-831.

Palancar, C. A., Garcia-Martinez, D., Radov¢ié, D., Llidd, S., Mata-
Escolano, F., Bastir, M., & Sanchis-Gimeno, J. A. (2020). Kra-
pina atlases suggest a high prevalence of anatomical variations
in the first cervical vertebra of Neanderthals. Journal of Anat-
omy, 237, 579-586.

Palancar, C. A., Torres-Tamayo, N., Garcia-Martinez, D., Garcia-
Tabernero, A., Rosas, A., & Bastir, M. (2020). Comparative
anatomy and 3D geometric morphometrics of the El Sidrén
atlases (C1). Journal of Human Evolution, 149, 102897.

Pettitt, P. B. (2011). The Paleolithic origins of human burial.
Routledge.



COMMENTARY

Rios, L., Rosas, A., Estalrrich, A., Garcia-Tabernero, A.,
Bastir, M., Huguet, R., Pastor, F., Sanchis-Gimeno, J. A., &
de la Rasilla, M. (2015). Possible further evidence of low
genetic diversity in the El Sidrén (Asturias, Spain) Neander-
tal group: Congenital clefts of the atlas. PLoS One, 10,
€0136550.

Sanchis-Gimeno, J. A., Llido, S., Perez-Bermejo, M., & Nalla, S.
(2018). Prevalence of anatomic variations of the atlas vertebra.
The Spine Journal, 18, 2102-2111.

Scheuer, L., & Black, S. (2000). Developmental juvenile osteology.
Elsevier Academic Press.

Schmitz, R. W., Serre, D., Bonani, G., Feine, S., Hillgruber, F.,
Krainitzki, H., Pdidbo, S., & Smith, F. H. (2002). The Neandertal
type site revisited: Interdisciplinary investigations of skeletal
remains from the Neander Valley, Germany. Proceedings of the
National Academy of Sciences of the United States of America,
99, 13342-13347.

Starck, D. (1978). Vergleichende Anatomie Der Wirbeltiere Auf Evolu-
tionsbiologischer Grundlage. Springer-Verlag.

Travan, L., Saccheri, P., Gregoraci, G., Mardegan, C. &
Crivellato, E. (2015). Normal anatomy and anatomic variants of
vascular foramens in the cervical vertebrae: A paleo-
osteological study and review of the literature. Anatomical Sci-
ence International, 90, 308-323.

Trinkaus, E. (1983). The Shanidar Neandertals. Academic Press.

AR The Anatomical Record AT rRAVA | ]_,E‘YJ_9

Trinkaus, E. (2016). The Krapina human postcranial remains: Mor-
phology, morphometrics and paleopathology. FF-Press.

Walker, A., Zimmerman, M. R., & Leakey, R. E. F. (1982). A possible
case of hypervitaminosis a in homo erectus. Nature, 296, 248-250.

White, T. D., Black, M. T., & Folkens, P. A. (2011). Human osteol-
ogy. Academic Press.

Williams, S. A., Garcia-Martinez, D., Bastir, M., Meyer, M. R.,
Nalla, S., Hawks, J., Schmid, P., Churchill, S. E., & Berger, L. R.
(2017). The vertebrae and ribs of homo naledi. Journal of
Human Evolution, 104, 136-154.

Wysocki, J., Bubrowski, M., Reymond, J., & Kwiatkowski, J. (2003).
Anatomical variants of the cervical vertebrae and the first tho-
racic vertebra in man. Folia Morphologica, 62, 357-363.

How to cite this article: Gomez-Olivencia, A.,
Arlegi, M., Valenzuela-Fuenzalida, J. J.,
Orellana-Donoso, M., Arsuaga, J. L., &
Sanchis-Gimeno, J. A. (2025). Unfused transverse
foramen of the atlas vertebra in the Neandertal
lineage fossils. The Anatomical Record, 1-9.
https://doi.org/10.1002/ar.70089



https://doi.org/10.1002/ar.70089

	Unfused transverse foramen of the atlas vertebra in the Neandertal lineage fossils
	Abstract
	1  |  INTRODUCTION
	2  |  MATERIALS AND METHODS
	3  |  RESULTS
	4  |  DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES


