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1. Introduction
1.1. Biomechanics of the cervical vertebrae

Classically, it has been hypothesized that there is a relationship be-
tween cervical spine kinematics and vertebrae morphology in both
modern humans (Nowitzke et al., 1994; Cattrysse et al., 2011; Hallgren
et al., 2011; Siccardi et al., 2020) and non-human primates (Demes,
1985; Strait and Ross, 1999; Bogduk and Mercer, 2000; Mercer and
Bogduk, 2001; Gommery, 2006). Indeed, more recent works tried to
demonstrate the existence of a relationship between vertebral
morphology and locomotor behavior and neck posture within the order
Primates (Manfreda et al., 2006; Parks, 2012; Grider-Potter and Hallg-
ren, 2013; Nalley, 2013; Nalley and Grider-Potter, 2015, 2017; Meyer
et al., 2018). However, the possible relationship between neck ranges of
motion (ROM) and cervical vertebrae morphology has not been directly
studied until recently (Cattrysse et al., 2011; Grider-Potter et al., 2020).
In their pioneering study Grider-Potter et al. (2020) tested the general
hypothesis that the bony morphology of cervical vertebrae had an in-
fluence on neck ranges of motion in a sample of 12 species of primates
with different locomotor patterns, including Homo sapiens. They per-
formed up to 43 regression analyses (between ROM and different linear
measurements), obtaining only three statistically significant outputs.
Given this low significance ratio, Grider-Potter et al. (2020) concluded
that the bony morphology of cervical vertebrae probably did not play a
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primary role in determining neck ROM. However, other studies focused
on H. sapiens such as Nowitzke et al. (1994) found that some cervical
spine morphological features are partially related with kinematics (i.e.,
the height of the zygapophyseal joints influences the axes of rotation).
This is in line with more research in modern humans (Clausen et al.,
1997; Penning and Wilmink, 1987; Cattrysse et al., 2011) and the
‘relaxation model’, that allows less head and neck stiffness in bipedal
hominins—compared to African great apes—as the head becomes
balanced above the vertical line of gravity (Schultz, 1942; Meyer and
Haeusler, 2015; Meyer et al., 2017).

Even so, none of the previous works have studied the three-
dimensional (3D) bony shape, focusing their analyses in a few tradi-
tional measurements. In this context, here we try to improve the
methodology previously used, studying the possible relationship be-
tween modern human atlas morphology and upper cervical spine
mobility, testing the null hypothesis (Hp) of no relationship between
them.

1.2. The Neanderthal cervical column

Although the neck and cervical vertebrae of Neanderthals have not
been studied in depth until very recently, several works conclude that
Neanderthal neck would be less lordotic and more stable than that of
modern humans (Gomez-Olivencia et al., 2013; Been et al., 2017; Been
and Bailey, 2019). However, the mobility of the Neanderthal cervical
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spine has not been studied up to now. Palancar et al. (2020b) showed
differences of the modern human and Neanderthal atlas morphology at
the level of the superior articular facets (SAFs): they were flatter on
Neanderthals. Thus, assuming the presumptions of Mercer and Bogduk
(2001) that more concave articular facets allow a greater mobility,
atlanto-occipital ROM would be lower in Homo neanderthalensis, which
matches previous works hypotheses (Gomez-Olivencia et al., 2013; Been
and Bailey, 2019; Been et al., 2017). Even so, these are only assumptions
as no functional analyses have been made on Neanderthal atlases. Thus,
a more exhaustive analysis is necessary to check whether inferences
made so far, based only on some morphological characters, are true or
not. To this end, we estimate ROM of seven fossil individuals belonging
to the species H. neanderthalensis.

2. Material and methods
2.1. Material

The modern human sample consists of eight unembalmed bodies
analyzed in previous works (Dugailly et al., 2010), where dissections
consisted of removing the superficial soft tissues to access the upper
cervical spine and its connected anatomical structures such as ligaments,
suboccipital muscles and fascia. All these structures were kept intact,
while the lower cervical segment (below the third cervical vertebra),
mandible and anterior viscera of the neck were removed. More about
specimen preparation can be found elsewhere (Dugailly et al., 2010,
2011, 2013). The fossil sample consists of seven Neanderthal atlases.
Two atlases come from Krapina site, in Croatia (Kr.98 and Kr.100;
Radovcic et al., 1988; Palancar et al., 2020a). Two atlases are from El
Sidrén site, in Spain (SD-1643 and SD-1605; Rosas et al., 2006; Palancar
et al, 2020b). The atlases of La Chapelle-aux-Saints 1 (Boule,
1911-1913; Gomez-Olivencia, 2013) and La Ferrassie 1 (Heim, 1976;
Gomez-Olivencia et al., 2018), from France, and that of Kebara 2, from
Israel (Arensburg, 1991) were also included.

2.2. Kinematic data

Ranges of motion in both flexion-extension and rotation were ob-
tained from previous work (Dugailly et al., 2010; Beyer et al., 2020).
Each anatomical preparation was set on a custom-made jig and fixed on
a rigid plate. Kinematics were analyzed from five sagittal positions in
two different motions: 1) flexion—extension, from neutral to intermedi-
ate and maximal flexion and extension; 2) rotation, from neutral to in-
termediate and maximal right and left rotation. On each discrete
position, spatial locations of the bones were recorded using a 3D-digi-
tizer (FARO, B06/Rev 18). The output of discrete joint displacements
was analyzed according to a standard mathematical method for pro-
cessing motion computation in order to obtain ROM in degrees (Cap-
pozzo et al., 1995). Details about the whole experimental set-up and
validation protocol can be found elsewhere (Dugailly et al., 2010, 2011,
2013; Beyer et al., 2020).

2.3. Shape analysis

In order to analyze the morphological variation of the unembalmed
atlas, imaging acquisition were performed on each specimen using
computed tomography (Siemens SOMATOM, helical mode, reconstruc-
tion: slice thickness = 0.5 mm, inter-slice spacing = 1 mm, image data
format = DICOM) by Dugailly et al. (2011). Segmentation and 3D model
reconstruction were performed using semi-automatic procedures on the
software Amira v 3.0. (Van Sint Jan et al., 2002). For the first time, these
3D models were studied following standard protocols of 3D geometric
morphometrics (Bastir et al., 2019). Starting from an original template
described by Palancar et al. (2021), several subsets, described in Sup-
plementary Online Material (SOM) Table S1 and SOM Fig. S1, were
analyzed in order to find the regions of atlas more related to mobility.
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- Full morphology: all landmarks and semilandmarks covering the
entire shape. We measure the full shape, including the morphology
of the arches and its structures (i.e. the groove for the cervical
artery).
Without the arches: semilandmarks of the anterior and posterior
arches are removed. This way we reduce the number of variables—as
the number of variables influence on the results is under discussion
(Cardini, 2020)—but we still measure the attachment point of liga-
ments and muscles in transverse processes and both anterior and
posterior tubercles, as well as the fovea dentis.
Lateral masses: landmarks and semilandmarks of the anterior and
posterior arches and transverse processes are removed. This subset
reduces the focus to the shape of both superior and inferior articular
facets, but still including information about the height of the
vertebra.
Both superior articular facets: only landmarks and semilandmarks of
the SAFs. This way we analyze the atlanto-occipital joint exclusively.
One superior articular facet: only landmark and semilandmarks of
the left SAF. Focusing on one facet alone, we can test whether the
facet tropism (Brailsford, 1929) affects to ROM or not.
- Both inferior articular facets (IAFs): only landmarks and semiland-
marks of the IAFs. This way we analyze the atlanto-axial joint
exclusively.

2.4. Morpho-functionality analysis

In order to check that independent variables follow a normal dis-
tribution, we performed Shapiro-Wilk analyses (Shapiro and Wilk,
1965). In addition, to check if there is an allometric relationship in the
sample and, therefore, analyses should be corrected for the effect of size,
a prior regression is performed between the shape of each of the land-
mark subsets and the centroid size of the individuals (Klingenberg,
2016). Then, to test the possible relation between the atlas shape and
ROM, we performed partial least squares (PLS) analyses, as they are
more reliable than regression analyses when the number of variables
(landmarks) exceed the number of observations (Geladi and Kowalski,
1986; Farahani et al., 2010). Given that the number of PLS analyses
performed on each subset is high (12), we applied Bonferroni adjust-
ments on each to assess multiple-testing artefacts (Bland and Altman,
1995).

2.5. Neanderthals range of motion estimations

Using the function ‘predictPLSfromData’ of ‘Morpho’ v. 1.5.1 pack-
age (Schlager, 2017) run in RStudio v. 4.3.0 (Posit team, 2023), and on
the basis of the PLS-type analyses performed previously, we can obtain
the estimated ROM of a new individual, from the coordinates of the
landmarks covering the morphology of the fossil. In order to validate
this model for estimating unknown ranges of motion, a leave-one-out
cross-validation was performed on each significant PLS (Stone, 1974).
Then, quadratic mean error of predicted values of the cross-validations
were calculated. Finally, to check if there are significant differences
between Neanderthals and modern humans, we performed Student’s
t-tests in RStudio.

3. Results
3.1. Morpho-functional analysis

Motion data are summarized in SOM Table S2. All these variables
presented non-significant values in the Shapiro-Wilk test, so that their
normality is accepted and, therefore, they can be analyzed by PLS. The
regressions performed between the shape variable and centroid size for
each of the landmark subsets show non-significant results, indicating
that there is no clear allometric relationship and the PLS should not be
corrected for size. Out of a total of 72 PLS, eight show a high significance



C.A. Palancar et al. Journal of Human Evolution 187 (2024) 103482

(p < 0.05; Table 1). After Bonferroni adjustments, only the two PLS with 4
. s e =
ap < 0.01 remained significant. Of all the subsets, the lateral masses and - g
one SAF showed the greatest statistical significance and correlation with % g g
ROM. In contrast, IAFs did not show statistical significance in any of the E % Q5 I8 853 359§ =l
PLS performed. Between the different movements studied, it is the S 8 RRR RER REK RAER E
rotation which presents the greatest number of significant analyses in g
. . . . MM N o < 0 O N O T In
relation to shape. Figures 1 and 2 show that atlas morphologies associ- % g LDoe S99 IR E
ated with lower mobility maintain a common pattern in all regressions 5 £ ~ °eee ©eee eece ee-° Q2
. 50 |2}
and motion types: SAFs are concave, elongated and narrow. On the other Sz s =
hand, atlases associated with higher mobility have flatter, shorter and 2|8 E Lo Lo Lo o g
wider SAFs. In addition, Figure 1 shows that less mobile atlases have ?Q =
greater projection of the anterior and posterior tubercles, a greater 5 &
vertebral height and a lower anteroposterior diameter. g 8 g o
s 9 * i 9
E %q“:’ LN Y o IHNO N g
L 5 £ES| @S9 Foan wo-0 i~ 5]
3.2. Neanderthal atlases estimations & S s Bow ggaw IUN oo E
= =
% =
Supplementary Online Material Table S3 shows both the estimates :é, 3 % E g § N é 2 S 35 QY 'E
for the fossil individuals and the values of the modern human sample for £ a Se2 283 S35 222 _é’
comparison, along with the group means. The estimated values for the g E °
= -
Neanderthal individuals are very similar to those presented by modern S|el¢g 3 N s
%] = H =
humans. In fact, in the mean comparison analyses performed between g|oe e e g
these two groups for each of the subsets and movements, it is concluded '§ £
that there are no significant differences in any of them (SOM Table S4). = g - §
. . . . . [ L2 8
To help in the interpretation of the data, Figure 3 shows motion values B g 3
(estimated for Neanderthals and real for modern humans) in a box-and- '“—é % g E E % g 9 § ® E § E @ 5 é
=]
violin diagram, where it can be observed that the ROM of Neanderthal Sy oo R®Ro ®Oh Oho 0® —é’
individuals falls within the modern human range of variation in every T N o 0 ot w0 =
. . . 13} — O L0 + o N O N < QO N .~
motion. It is noteworthy that the estimates are congruent among the £l S2T 22Z 222 2:2¢2|¢s
different subsets and movements, since, with some exceptions, El Sidrén S E TIJ ?/'
individuals present high mobility values, while Kebara 2 Neanderthal glg|8 ® NS
- . 2| 2 : )
presents the lowest (SOM Table S3). Regarding the error of ROM esti- S| A 2 [ I B o [ *”
mates, it varies between 1 and 8° depending on the motion and the 2 %’ m
subset. For example, in rotation, between CO and C2, the real mean ROM = - Il g
is 55.31 (SOM Table S2) and the margin of error is 7° (Table 1). 2 % 8 N |V
< T = N — o n MmO Toa qmo| ™
S £ 3 mNm oy 5o KOS g |
4. Discussion g |SE| wReg &gy d83 R EC
=]
g 3 &
x 154
This is the first study in which the 3D bony shape of the modern 2|8 BEF S8 88 583 g =
human atlas is analyzed under a kinematics approach, assessing its = é a Sos Soo S3 S33|0F
possible relation with ROM. Taking into account the proportion of sta- b B . g =
. e . epe . S|l 8| o n N[ 8 b0
tistically significant PLS regressions presented here (11% and even g5 E o o L R -
. . . = <
lower after Bonferroni adjustment), atlas shape influence on ranges of B El é
motion is doubtful. Even so, there is a great congruence of the results % 2 g
obtained in the visualization of shapes associated with the different ks § g 5 =
. o . b= S
ROM. All statistically significant PLS show coincident results: greater E % E Sen wuy ook Eaon R
atlas mobility is related to flatter and shorter SAFs (Figs. 1 and 2). This _cg 58 22 32 623 w8l EC
findin lth h . 1 h A h O o S D o SN O S o & S K= IR =
g, although tentative, could change our understanding on the g o B
mobility of the upper neck and its joints. While previous works (Bogduk g ki E o E 5} g g g 5 5 g § § iﬁn S
and Mercer, 2000; Mercer and Bogduk, 2001; Aiello and Dean, 2002) E £l a SSS 6888 S8 S48 'g 3
hypothesized that the greater length of the articular facets or their o g “E Ed
greater convexity would increase joint mobility, none of these have E § 3 8 X =2
directly tested the morpho-functional relationship of the cervical _g i bt b bre s § 9
vertebrae nor, in particular, the atlas. Contrary to what was previously % g §
hypothesized and in view of these preliminary results shown here, £ 5 = 5 2
shorter and flatter SAFs could increase the mobility of the upper neck & L g 2
. . S <
Regarding the flatness, the explanation may be related to the bony *E © e R £
constraint exerted by the anterior and posterior walls of atlas SAF. As < S3h 8%F 995 22| g
o — —
explained by Bogduk and Mercer (2000), the atlanto-occipital joint é’ ol a 252 223 232 S22 T:é %
would find the limit of flexion—extension range in the anterior and o E‘ ,':.47;,’
. . e - L 3| 5|
posterior walls of the SAFs, which end up ‘colliding” with the occipital § =| 8 N g L 2
. . . ke . b [}
condyles. When these articular facets are flat, the anterior and posterior gl=I= L porg [ g 3
walls would barely exert a limit, causing the ROM of this joint to in- a| 5 ‘% - S E
. . . L5 Y © =
: - al. - | 3 ‘A = = =] - e
crease. Our finding matf:he.s .the conclusion of Hallgren et al. (2011), : - 2 2 q 8‘ :CI; e 6" :CI; 6: £ 5‘ EI; $ 3 Gu $ $ =5
who found that younger individuals had flatter SAFs than older ones and =2 E| S8 Somolotso o iogomo| 8P
X © K X < 5| > HOOUOEOUOROOUOREROOUO | B«
hypothesized that this could be the reason why infants or children are oA <



C.A. Palancar et al.
~
o~

Entire atlas / Extension C0-C2

0

-2

Range of motion
6 4

-8

T
-0.08

T
-0.04

T
0.00

Shape variable

T
0.04

Journal of Human Evolution 187 (2024) 103482

-2

6 4

Range of motion
0 2 4 6 8

Without arches / Flexion-extension C0-C2

-0.02

Shape variable

0.02

T
0.06

4

2

0

Range of motion
2

O
i

Without arches / Rotation C0O-C1

-0.06

-0.02

Shape variable

0.02

T
0.06

Q@ 1QeQ

Fig. 1. Partial least squares (PLS) performed on the entire atlas morphology and without arches subsets and visualizations of the associated morphologies. On the
left, morphologies associated with lower mobility. On the right, morphologies associated with higher mobility. Each model is presented in superior view (top) and

right lateral view (bottom). Abbreviations: CO = occipital; C1 = atlas; C2 = axis.



C.A. Palancar et al.

Journal of Human Evolution 187 (2024) 103482

C
KSR .
S
Eo 4 .
ks]
Lo -
o
c
g R ..o
T T T ] T T
004 002 000 002 004 006
. Shape variable
Lateral masses / Rotation CO-C1
Q - L[]
- *
c e
2
9] o N
E .0'
O ¥ A
(]
(@)} % [ ]
5o
o .\ T T T T T
004 002 000 002 004 006
Shape variable
Lateral masses / Rotation C0O-C2
L
c ¥
o
5 N .
£ .
o LI ]
c o4
&
Y .| T T T T “
006 002 002 006
Shape variable
Both SAFs / Flexion CO-C1
.
IR o
IS
IS .,
Gl ° o
o
o
% ¥ T T T T
s 005 000 005 010
Shape variable
One SAF / Flexion CO-C1
© o [}
¥ A .
c L]
o Y1
rer} *
v - . . g -
8 g4
o
c [
o T T T T
o 005 000 005 010

One SAF / Flexion-extension C0-C2

Shape variable

Fig. 2. Partial least squares (PLS) performed on different subsets (lateral masses, both superior articular facets [SAFs], and one superior articular) and visualizations
of the associated morphologies. On the left, morphologies associated with lower mobility. On the right, morphologies associated with greater mobility. Each model is
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Fig. 3. Box and jitter plot of the estimated Neanderthal ranges of motion (left,
blue) and real distribution of modern humans (right, pink) in statistically sig-
nificant motions. When the same motion is significant in different subsets, the
most correlated partial least square is shown. Abbreviations: CO = occipital; C1
= atlas; C2 = axis. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

more vulnerable to whiplash injuries of the neck.

The fact that the shorter length of SAFs is associated with greater
mobility is more difficult to explain. Although different from a func-
tional perspective, the carpal joint is morphologically similar to the
atlanto-occipital. Hamrick (1996) showed that length of the articular
surfaces of the carpals does not differ between locomotor groups of
Primates. Even so, the relation between the length of an articular facet
functionally similar to the SAF of atlas and its mobility is, to our
knowledge, unknown and requires future and more exhaustive analyses.

It is important to note that none of the ROM measured between C1
and C2 is related to shape. All statistically significant PLS involve ROM
between CO and C1 (n = 3) or CO and C2 (n = 5). This fact, together with
the lack of statistically significant PLS on the subsets of the IAFs, could
indicate that the atlanto-axial joint shape is not related to mobility. This
is logical since the atlanto-axial joint at the level of the lateral facets is
conditioned by the convex cartilage that covers them (Mercer and
Bogduk, 2001). In fact, this joint undergoes what is known as para-
doxical atlanto-axial motion during neck flexion-extension and also a
passive, counter-axial motion during lateral tilt (Mercer and Bogduk,
2001). In both movements, the atlanto-axial joint demonstrates a
somewhat ‘random’ behavior that can have little influence on ROM, as
demonstrated here.

4.1. Fossil atlases

In light of the preliminary results presented here, our concept of the
biomechanics of the Neanderthal cervical spine needs to be examined
and discussed in depth. The Neanderthal neck has so far been under-
stood as more stable in the sagittal, coronal and transverse planes due to
the proportions of the cervical vertebrae and the projection and orien-
tation of their tubercles and processes, as well as the cranial base
morphology (Gomez-Olivencia et al., 2013). However, although these
results are tentative and the studied region should be extended to the
entire cervical spine, the present experimental and innovative data
suggest that the Neanderthal neck may not be more stable than that of
modern humans, but of similar biomechanical characteristics to them.

Although the concavity of SAFs of Neanderthal atlases appears to be
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slightly lower than in modern humans (Palancar et al., 2020a), these
differences seem insufficient to cause differences in the ROM of the
upper cervical spine, as shown by mean comparison analyses (SOM
Table S4). Moreover, not only the morphology of SAFs influences ROM,
but also their relative orientation. This is similar in modern humans and
Neanderthals, and could be related to the similarity of the estimated
motion values found for Neanderthals compared to H. sapiens.

The present results performed on the bone morphology of the
Neanderthal atlas do not support the hypothesis that there were differ-
ences between their mobility of the upper cervical spine and that of
modern humans. However, the interacting function of the ligaments and
musculature is yet to be determined and will be the subject of future
research in order to improve and deepen our understanding of the
morpho-functionality of the neck as a whole.

4.2. Study limitations

In conducting this research on cervical spine motion in modern
human cadaveric samples and extrapolating the findings to predict the
potential mobility in Neanderthals, several limitations must be
acknowledged. Firstly, the study is challenged by the inherent
anatomical differences between modern humans and Neanderthals. For
example, the greater anteroposterior dimension of the occipital base in
Neanderthals (Bastir et al., 2011) would slightly modify the spatial
relation and orientation of muscles and ligaments attached to atlas and
axis and thus, exert a different moment arm and limitation to mobility.
Secondly, the PLS predictions are susceptible to a margin of error
spanning from one to seven degrees, potentially impacting the accuracy
of these predictions. Nonetheless, research conducted on cadaveric
samples to assess ranges of motion in modern humans have similarly
demonstrated an error range of approximately two degrees (Van Sint Jan
etal., 2002; Martelli, 2003; Dugailly et al., 2011). As a result, the error in
our predictions regarding the range of motion in Neanderthals is com-
parable to the error observed in the data acquisition for modern humans.
Lastly, it is essential to recognize the inherent disparity between
studying cadaveric specimens and living individuals, as the latter’s dy-
namic physiological factors, such as muscle tone and neurological con-
trol, can significantly influence the actual range of motion experienced
by a living hominin. Despite these limitations, this investigation pro-
vides valuable insights into understanding the potential cervical
mobility in Neanderthals and serves as a foundation for further research
in this area. Future studies should increase the region of study and the
sample, as the ROM varies between sexes, populations and groups of age
(Pan et al., 2018).
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