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Abstract

The cranial base is located at a critical intersection between the vertebral spine, the brain, the
respiratory system and the mastication apparatus. Therefore it can provide an insight into the
evolution of the head and neck in functional and phylogenetic contexts. However, the relationship
between cranial base anatomy and cervical spine alignment has not been explored deeply. There-
fore the aim of this research is to study the relationship between the orientation of the foramen
magnum and the degree of cervical lordosis. Based on this relationship we developed six models
which enable reconstruction of the cervical lordosis angle in archeological material and in extinct
hominins. 74 adult lateral cervical radiographs were examined. The orientation of the foramen
magnum and the angle of the cervical lordosis were measured on each radiograph. Foramen
magnum orientation positively correlates with cervical lordosis angles: moderate to high correla-
tion was found between foramen magnum orientation and the total cervical lordosis (0.716 < r <
0.612); moderate correlation was also found between foramen magnum orientation and the upper
cervical lordosis (0.626 < r < 0.562); and only weak correlation was found with the lower cervical
lordosis (0.306 < r < 0.101). Assuming that the positive correlation between foramen magnum
orientation and cervical lordosis can be applied to all bipedal hominins, cranial base morphology
can provide an insight to the degree of the cervical lordosis of archeological material and of ex-
tinct hominin.
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1. Introduction

The cranial base is located at a critical intersection between of the vertebral spine, the brain, the respiratory sys-
tem and the mastication apparatus. Therefore it is frequently consulted source into the evolution of the head and
neck in functional and phylogenetic contexts (Chan, 2007; Kimbel & Rak, 2010). The position and orientation
of the foramen magnum differ between humans and non human hominoids (Dean & Wood, 1981, 1982; Aiello
& Dean, 1990; Luboga & Wood, 1990; Schaefer, 1999; Russo & Kirk, 2013). Humans present anterior foramen
magnum, while apes present more posterior ones. This difference in the position of the foramen magnum proba-
bly reflects head position and locomotive posture (Dart, 1925; Broom, 1938; Le Gros Clark, 1954; Russo &
Kirk, 2013), although the nature of this relationship has not been fully established (Ashton & Zuckerman, 1956;
Moore et al., 1973; Masters et al., 1991). Non human hominoids also lack the pronounced cervical lordosis seen
in humans. Modern humans have a well-defined cervical lordosis that helps situate the head above the thorax in
erect posture, whereas the head of quadrupedal apes is situated anterior to the thorax, with a slight cervical lor-
dosis (Schultz, 1961; Filler, 2007).

Current knowledge of the evolution of foramen magnum orientation is based on cranial fossil records of ex-
tinct and extant hominoids. Unlike the osseous nature of the skull, the cervical lordosis is comprised of both os-
seous (vertebrae) and soft tissue (intervertebral discs, and spinal ligaments) elements. However, for archeologi-
cal material and extinct hominin specimens, only the vertebrae are available and therefore the fossil and archeo-
paleontological record is mute on the evolvement of the cervical lordosis.

Very few researchers have explored the relationship between cranial base anatomy and cervical spine posture
(Solow & Sandham, 2002). If these structures are indeed related than it would provide us with an insight as to
the position of the head on the cervical column in hominins (Kimbel & Rak, 2010), and also allow reconstruc-
tion of the cervical lordosis from osseous specimens.

Therefore the aim of this research is to study the relationship between the orientation of the foramen magnum
and the degree of cervical lordosis. Based on this relationship a model will be developed to enable the recon-
struction the cervical lordosis angle in archeological material and in extinct hominins.

2. Materials and Methods

A total of 74 lateral cervical radiographs of patients aged 20 - 50 years were examined (36 males and 38 fe-
males). All radiographs were performed at the Chaim Sheba Medical Center, Tel Aviv, Israel. Inclusion criteria
were as follows: upright radiograph, all cervical vertebrae and cranial base were visualized and the radiograph
was in a true lateral position. Exclusion criteria included any radiographic abnormality: degenerative changes, re-
duced disc height, fractures and evidence of scoliosis on the associated anterior posterior view. Standard lateral
cervical radiographs are obtained with subjects standing comfortably with knees straight and arms resting on the
side of the body. The subjects are instructed to stand straight with a forward gaze. To eliminate the possibility of in-
correct head posture only radiographs with palatine plane close to the horizontal plane (£10°) were included (in
accordance with Barbera, 2009). The study was approved by the Helsinki committee of the Chaim Sheba Medi-
cal Center.

3. Measurements

On each radiograph the following lines were drawn (Figure 1):

* Horizontal plane (HP): parallel to the superior end of the radiograph.

e Foramen magnum (FM): between the basion and the opisthion.

* Palatine bone plane (PP): the plane formed by the palatine bone

e Third cervical vertebra (C3): parallel to the inferior endplate of C3.

* Seventh cervical vertebra (C7): parallel to the inferior endplate of C7.
Based on these lines one of us (SS) measured the following angles:
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Figure 1. Lateral radiograph of the skull and cervical spine showing the lines
drawn on each radiograph. HP, horizontal plane; FM, foramen magnum; PP,
palatine bone plane; C3, third cervical vertebra; C7, seventh cervical vertebra.

¢ FM-HP: between the foramen magnum and the horizontal plane. Positive values indicate that the FM is fac-
ing anteriorly while negative values indicate that it faces posteriorly in relation to the horizontal plane.

e FM-PP: between the palatine bone plane and the foramen magnum. Positive values indicate that the FM is
facing anteriorly while negative values indicate that it faces posteriorly in relation to the palatine plane.

e PP-HP: between the palatine bone plane and the horizontal plane.

* Total cervical lordosis (FM-C7): between the foramen magnum and C7.

* Upper cervical lordosis (FM-C3): between the foramen magnum and C3.

» Lower cervical lordosis: between C3-C7.

Descriptive statistics was calculated using Excel 2007 (Microsoft Corporation, Redmond, Washington, USA).
Correlation analysis and regression equations were obtained using bivariate fit models (fit Y by X, JMP Statis-
tics Software, SAS Institute, Cary, NC). To assess the intra-observer reliability of the measurements, 13 radio-
graphs were measured twice, one week apart. The intraclass correlation coefficients (ICC) were between 0.72 <
ICC < 0.98 (p < 0.0001) for the six cervical angular measurements.

4. Results

The mean total cervical lordosis (FM-C7, 37.3° + 9.8°) is composed of the upper cervical lordosis (FM-C3, 26.4°
+ 7.9%), and lower cervical lordosis (C3-C7, 11.3° + 8.8°) indicating that the upper part of the cervical spine con-
tributes over two thirds of the total lordosis while the lower cervical lordosis contributes less than one third
(Table 1). The orientation of the foramen magnum to the horizontal plane is 10.2° + 6.7°, meaning that the fo-
ramen magnum is slightly angled anteriorly (ventral), and not only caudally (downwards). Similar orientation is
shown between the foramen magnum to the palatine plane (FM-PP, 6.3 £ 6.5) (Table 1). High correlation exists
between the FM-HOR and FM-PP. The upper cervical lordosis (FM-C3) of females is higher than that of males,

()
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while the lower cervical lordosis (C3-C7) of males is higher than that of females (Table 2). For the remaining
variables examined, there were no other significant differences between males and females.

The orientation of the foramen magnum to the horizontal plane (FM-HR) positively correlates with all cervic-
al lordosis angles (total, upper and lower. Figure 2, Table 3). It shows moderate to high correlation to the total

Table 1. Angular measurements of the cervical spine and skull (degrees) of the entire population. Positive values indicate
lordosis, negative values indicate kyphosis.

Angle Average Standard deviation Range Previously published values

. o 8.2 £6.5(-5; 21)"
FM-HP 10.2 6.7 5.2; 23.6 34+6.5 (12: 16)

] i 9.9 (modified)”
FM-PP 6.3 6.5 6.3; 23.0 4.5 (modified)’

a -1.7£5.0(9; -13)"

HP-PP 24 4.4 8.7;10.9 0.97£50 (9.8; -13.4)
FM-C7 373 9.8 15.5; 66.2 400+9.78
FM-C3 26.4 7.9 1.8;44.0
C3-C7 11.2 9.1 -5.3; 33.3

FM-HP, between the foramen magnum and the horizontal plane; FM-PP, between the palatine bone plane and the foramen magnum; FM-HP, between

the foramen magnum and the horizontal plane; FM-PP, between the palatine bone plane and the foramen magnum; PP-HP, between the palatine bone

Plane and the horizontal plane; FM-C7, total cervical lordosis; FM-C3, upper cervical lordosis; C3-C7, lower cervical lordosis. “Barbera, 20009.
Madsen et al., 2008. SHardacker et al., 1997.

Table 2. Comparison between Angular measurements of males and females.

Males Females T test between males and females
Angle Average Standard deviation Average Standard deviation p value
FM-HP 9.2 6.2 111 6.8 0.2
FM-PP 4.3 54 7.4 7.0 0.1
HP-PP 2.6 6.1 2.3 31 0.97
FM-C7 37.6 9.7 36.8 10.0 0.72
FM-C3 239 7.6 28.6 7.6 0.009
C3-C7 11.2 9.1 8.7 8.7 0.008

FM-HP, between the foramen magnum and the horizontal plane; FM-PP, between the palatine bone plane and the foramen magnum; FM-HP, between
the foramen magnum and the horizontal plane; FM-PP, between the palatine bone plane and the foramen magnum; PP-HP, between the palatine bone
plane and the horizontal plane; FM-C7, total cervical lordosis; FM-C3, upper cervical lordosis; C3-C7, lower cervical lordosis.

Table 3. Pearson correlation coefficient (r, lower left) and level of significance (p, upper right) between measurements.

Measurement FM-HP FM-PP HP-PP FM-C7 FM-C3 C3-C7
FM-HP 1.0 - - - - *
FM-PP 0.78 1.0 - - - NS
HP-PP 0.35 -0.36 1.0 NS NS -
FM-C7 0.72 0.61 0.10 1.0 - ~
FM-C3 0.56 0.63 -0.05 0.55 1.0 -
C3-C7 0.31 0.10 0.16 0.62 -0.26 1.0

FM-HP, between the foramen magnum and the horizontal plane; FM-PP, between the palatine bone plane and the foramen magnum; FM-HP, between
the foramen magnum and the horizontal plane; FM-PP, between the palatine bone plane and the foramen magnum; PP-HP, between the palatine bone
plane and the horizontal plane; FM-C7, total cervical lordosis; FM-C3, upper cervical lordosis; C3-C7, lower cervical lordosis; NS, non significant; p

<0.05; "p < 0.01.
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Figure 2. Bivariate fit of the cervical lordosis angles by foramen magnum
orientation. Solid line, linear fit; dashed line, 95% confidence interval.

cervical lordosis and to the upper cervical lordosis, and weak correlation with the lower cervical lordosis. The
orientation of the foramen magnum to the palatine plane (FM-PP) also correlates with the cervical lordosis
measurements. Based on these correlations we developed four regression models for calculating total (FM-C7)
and upper (FM-C3) cervical lordosis (Table 4, Figure 2). All four models explain between one third to half of
the variability found in cervical lordosis in modern humans (0.315 < R? < 0.512) and their root mean square er-
ror is between 6.59° - 8.36°.

As the upper cervical lordosis of females was higher than that of males, and the ANCOVA test revealed sig-
nificant difference in slope and intercept between the regression lines of males and females, we developed two
more regression models for calculating upper cervical lordosis, one based solely on males and the other one on
females (Table 4).

5. Discussion

We found a significant positive correlation between the inclination of the foramen magnum and the cervical
lordosis in a modern human sample. These correlations indicate that foramen magnum orientation can be used as
an indicator to the degree of cervical lordosis. Both measurements for foramen magnum orientation-in relation
to the horizontal plane (FM-HOR) and in relation to the palatine plane (FM-PP) are applicable for predicting
cervical lordosis as both were found to have positive correlation with the cervical lordosis.

Altogether we developed six models: four models for calculating cervical lordosis (total and upper) based on
the entire modern human population, and two different models for calculating upper cervical lordosis for males
and for females. Four out of the six models are extrinsic to the skull and are based on the orientation of the fo-
ramen magnum in relation to the horizontal plane. Two models are intrinsic to the skull, and are based on the
orientation of the foramen magnum in relation to the palatine plane. To the best of our knowledge, this is the
first time a reliable method for reconstructing cervical lordosis in osseous material is presented.

For example, we reconstructed cervical lordosis angles for a modern human specimen from the osteological
collection of Tel Aviv University (Israel). Using the lateral radiograph of the specimen’s skull we measured
FM-HP between the foramen magnum and the Frankfurt horizontal plane (12.6°) and FM-PP between the fora-
men magnum and the palatine bone plane (9°) (Figure 3). Based on these measurements and the six models de-
veloped in this study (Table 4) we calculated the cervical lordosis for the modern human specimen (Table 5).
The calculated total cervical lordosis (FM-C7) for this skull is 38.7° - 39.8° (+8.3°), and upper cervical lordosis
(FM-C3) is 26.2° - 29.3° (£6.9°). These results are very close to the average cervical lordosis of living modern
humans (FM-C7 = 37.3° £ 9.8°; FM-C3 = 26.4° + 7.9%). We suggest that if the skull’s gender is known, than up-
per cervical lordosis should be calculated with the specific model (males/females). If the gender is unknown,
than the general regression model (based on the pooled sample of males and females) should be used.

)
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Figure 3. Lateral radiograph of a modern human skull from the osteological
collection of Tel Aviv University showing the angles measured for calculating
cervical lordosis. FHP, Frankfurt horizontal plane; FM, foramen magnum; PP,
palatine bone plane.

Table 4. Regression models for calculating cervical lordosis based on foramen magnum orientation.

Root mean square

Model Regression equation R? Significance AT

FM-C7 based on FM-HP FM-C7 = 26.92 + 1.03+FM-HP 0512 <0.0001 6.92

(males and females)
FM-C7 based on FM-PP

FM-C7 = 29.85 + 0.98*xFM-PP

(males and females) *+0.90x 0.374 <0.0001 8.36
FM-C3 based on FM-HP FM-C3 = 19.82 + 0.65«FM-HP 0315 <0.0001 650

(males and females)
FM-C3 based on FM-PP _ .

(males and females) FM-C3 = 20.05 + 0.84*FM-PP 0.390 <0.0001 6.90
FM-C3 based on FM-HP FM-C3 = 17.62 + 0.68+EM-HP 0310 <0.001 630

(males only)

FM-C3 based on FM-HP FM-C3 = 22,65 + 0.53«EM-HP 0232 <0.001 671

(females only)

FM-HP, between the foramen magnum and the horizontal plane; FM-PP, between the palatine bone plane and the foramen magnum; FM-HP, between
the foramen magnum and the horizontal plane; FM-PP, between the palatine bone plane and the foramen magnum; PP-HP, between the palatine bone
plane and the horizontal plane; FM-C7, total cervical lordosis; FM-C3, upper cervical lordosis; C3-C7, lower cervical lordosis.

Table 5. Reconstructed cervical lordosis angles for one modern human skull.

Model Regression equation Calculated cervical lordosis
FM-C7 based on FM-HP FM-C7 =26.92 + 1.03%12.6 39.8°
FM-C7 based on FM-PP FM-C7 = 29.85 + 0.98%9 38.7°
FM-C3 based on FM-HP FM-C3 =19.82 + 0.65%12.6 28.0°
FM-C3 based on FM-PP FM-C3 = 20.05 + 0.84%9 27.6°
FM-C3 based on FM-HP FM-C3 = 17.62 + 0.68+12.6 26.2°
(males only)
FM-C3 based on FM-HP EM-C3 = 22.65 + 0.53%12.6 29.3°

(females only)
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Cervical posture has been related to the shape of the cranium and the face, subjects with a long cranium (do-
lichocephalic) have a straight, long, forwardly inclined cervical column, whereas subjects with a short cranium
(brachycephalic) usually have increased lordosis of the spine (Bench, 1963). Cervical posture has also been re-
lated to mandibular length, as longer mandibles correlates with a straighter cervical column and vice versa
(Ozbek & Koklii, 1993; Festa et al., 2003; Tecco & Festa, 2007).

Deviations in cervical lordosis and head posture in modern humans are associated with compromised oral
respiration, obstructed breathing passage, dysfunction of the cranio-cervical muscles, and cervical pain radiating
down the back and up as high as the vertex of the cranium (Linder-Aronson, 1979; Vig et al., 1980; Solow et al.,
1984; Hellsing et al., 1986; Chan, 2007). Establishing cervical lordosis for archeological specimens and extinct
hominins based on our models may provide insights on both the evolution of cervical lordosis and on modern
health related issues.

When considering our results, we must address several aspects. First, the orbits are not included in the stan-
dard lateral cervical radiograph in order to minimize radiation effects. This prevented us from measuring the
Frankfurt horizontal plane. The Frankfurt horizontal plane is considered the gold standard for skull orientation in
osseous material and in the skulls of extinct hominins. Instead, we used two planes: 1) the true horizontal plane,
and 2) the palatine bone plane. The similarity in the calculated lordosis between these two planes (Table 5)
renders them reliable in reconstructing cervical lordosis. This is not surprising due to the high correlation found
in our research between the orientation of the foramen magnum to the true horizontal plane (FM-HP) and the
orientation of the foramen magnum to the palatine bone plane (FM-PP, r = 0.78). Second, although we excluded
abnormal radiographs we cannot accurately define the degree of symptoms in this sample of modern humans. To
ensure that their cervical lordosis is within normal range for modern humans we compared our results with other
publications. The close similarity between the cervical lordosis values found in the current study and in previous
studies indicates that our values of cervical lordosis angles are similar to that of healthy individuals (Hardacker
etal., 1997; Madsen et al., 2008; Barbera, 2009).

6. Conclusion

In conclusion, we found positive correlations between the orientation of the foramen magnum to that of the total
cervical lordosis and to the upper cervical lordosis. Based on these correlations we developed six models for
calculating cervical lordosis in osseous material where soft tissues are absent (as in archeological and extinct
hominin specimens). In a future study we attempt to reconstruct cervical lordosis of archeological populations
and extinct hominins based on cranial morphology.
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