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Data Sharing Statement

The data that support the findings of this study are available from the Mount Carmel Hospital
in Haifa (Israel), the ERESA Medical Group for Special Radiological Explorations in Valencia
(Spain) and the Charlotte Maxeke Academic Hospital through the Department of Human
Anatomy and Physiology, Faculty of Health Sciences, University of Johannesburg (South Africa).
Restrictions apply to the availability of these data, which were used under license for this
study. Data are available on request from Barash A., Sanchis-Gimeno J.A. and Nalla S. with the

permission of each medical institution respectively.
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Abstract

Objectives: The shape of the human lumbar spine is considered to be a consequence of erect
posture. In addition, several other factors such as sexual dimorphism and variation in genetic
backgrounds also influence lumbar vertebral morphology. Here we use 3D geometric
morphometrics (GM) to analyze the 3D morphology of the lumbar spine in different human

populations, exploring those potential causes of variation.

Material and Methods: We collected 390 (semi)landmarks from 3D models of the CT scans of
lumbar spines of 7 males and 9 females from a Mediterranean population (Spain, Israel) and 7
males and 8 females from a South African population for geometric morphometric (GM)
analysis. We carried out Generalized Procrustes Analysis, Principal Components and Regression
analyses to evaluate shape variation; and complemented these analyses with the Cobb

Method.

Results: The Mediterranean sample was considerably more lordotic than the South African
sample. In both populations female lumbar spines showed proportionally narrower and more
craniocaudally elongated lumbar segments than in males. Also, the point of maximum

curvature in females tended to be located more inferiorly than in males.

Discussion: Our results show that sexual dimorphism is an important factor of lumbar spine
variation that mainly affects features of lumbar spine robustness (height proportions) and the
structure — but not the degree — of its curvature. Differences in lordosis, however, are clearer
at the inter-population level. This reflects previous conflicting studies casting doubts on
pregnancy as an adaptive factor influencing lordosis. Other factors, e.g., shape of the individual
lumbar vertebrae and intervertebral discs and their relative proportions within the lumbar

spine should also be considered when exploring variation in vertebral column morphology.
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Introduction

A permanent lumbar lordosis is one of the key features of the hominin vertebral column
(Kummer, 1975; Lovejoy et al., 2005). Its presence is a good indicator of habitual bipedalism.
The ventrally convex lumbar spine curvature in the mid-sagittal plane helps the pelvis stabilize
and distribute the body weight over the lower limbs, as it assists in positioning the trunk’s
center of mass above the hips and brings the line of gravity close to the acetabula (Farfan,

1995; Kummer, 1975).

The shape of the vertebral bodies and particularly the intervertebral discs results from the
development of the lumbar lordosis during postnatal ontogeny: a greater dorsal wedging (an
element’s dorsal height smaller than its ventral height) and a greater inclination on the
horizontal plane of the vertebral segments (vertebral body and the immediate disc below) will

lead to a greater lordosis angle (Been et al., 2010; Shefi et al., 2013).

Furthermore, the degree of lumbar lordosis varies greatly throughout an individual’s life
history — during postnatal ontogeny, the lumbar lordosis is established and reaches its initial
adult configuration shortly after puberty (Reichmann and Lewin, 1971; Shefi et al., 2013).
During adulthood, the lumbar lordosis can change further with the senescence process
(Dreischarf et al., 2014; Jentzsch et al., 2017; Korovessis et al., 1998; Pries et al., 2015). These
changes are closely related to factors such as bone and soft tissue degeneration (Bogduk
2005), genetic make-up variability in different populations (i.e. inter-population variation) and

sexual dimorphism. This study will focus on the latter two factors.
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With regards to inter-population variation, other than the earliest anthropological studies (e.g.
Turner 1886), there have not been many studies focusing mainly on this type of variation. It is
usually more common for a lumbar morphology study to focus on a particular parameter such
as the lumbosacral angle or the sacral slope but with little consideration for differences in
population selection. For example, Okpala (2014) in a more recent study focused on the sacral
slope in a Nigerian population resulting in a greater lumbar curvature between the measured
sample and reference populations studied by similar methods by other authors (e.g. Hellems &
Keats, 1971; Maduforo et al., 2012). The differences were not very large but nonetheless
significant. Likewise, Patrick (1976) analyzed differences in lumbar spine morphology within
another Nigerian population reaching similar conclusions whilst applying a flexicurve ruler
(described by Milne and Lauder (1974)) from the 7t cervical vertebra to the lumbosacral joint.
The choice of population is rarely explained in these studies, other than implying relatively
easy access to local data. This leads to an interesting line of questioning in that inter-

population variation is generally poorly quantified or not addressed at all.

Some of the few recent inter-population studies are by Hanson et al. (1998) and by Merril et al.
(2018) who analyzed two and three populations of varying genetic backgrounds, respectively
(African-American vs. continental European; and European-American vs. African-American and
vs. Hispanic). Hanson et al. (1998) reported differences in lumbar spine morphology, i.e., less
lumbar lordosis in African Americans than in the continental Europeans using a specially
designed device to measure the sacral angle and the lumbosacral curve on dissected spines.
Merrill et al. (2018) by measuring lateral lumbosacral X-rays found a larger lumbar lordosis in
the Hispanic population than in the European-American, and no other population differences
regarding lordotic curvature. Nevertheless, these studies are not very detailed on what inter-
population variation (i.e. genetics) is based on. Patrick (1976) undertook a comparison of the
Nigerian population he studied with already published data from European populations and
found statistically significant differences between these populations, with Nigerians on
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average having a larger lumbosacral angle than the Europeans. He considered either inter-
population variation in genetic make-up or local customs of carrying heavy loads as possible
explanations for this. On the other hand, Mosner at al. (1989) found differences between the
apparent lordosis (gluteal prominence) of African-American and European-American females,
but not between the actual lordosis — measured on standing lateral radiographs — of both

populations.

Looking at sexual dimorphism, previous research using the Cobb method (Cobb, 1948) on
lateral X-rays to quantify the degree of lumbar lordosis, has shown sexual variability within
both vertebral morphology and the curvature of the lumbar spine (Vialle et al. 2005). Female
vertebral segments are relatively taller and narrower (see our designation for measurements
in Fig. 1): Taylor and Twomey (1984) found a greater height/transverse diameter index in the
female lumbar vertebrae of their population, which was composed both of children (difference
of 0.04) and adults (difference of 0.09). Additionally, adult female elements show greater
dorsal wedging than males. This, in turn, results in a more lordotic female lumbar spine
(Poussa et al., 2005; Vialle et al., 2005; Whitcome et al., 2007). Vialle et al. (2005) after digitally
measuring lateral radiographs, found a difference of 4.8 degrees in the lumbar curvature
between adult females and males. Poussa et al. (2005) by performing spinal pantographs
(Willner, 1981), also reported a female lordotic curvature which was 1.58 degrees greater than
in males in their cohort of children and young adults aged between 11 to 22 years. Some
studies interpreted this greater female lordotic curvature as an adaptation to pregnancy,
arguing that a greater lordosis could improve the body equilibrium of pregnant females

following static principles (Bailey et al., 2016; Masharawi et al., 2010; Whitcome et al., 2007).

Nevertheless, there is a number of studies investigating different adult populations and
applying different methodologies, which did not find sexual dimorphism neither in lordosis

(Hasegawa et al., 2017; Jentzsch et al., 2017; Kalichman et al., 2011) nor in the wedging of the
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vertebral segments (Fazzalari et al., 2001). Legaye et al. (1998) even found a greater mean
lordotic angle in males than in females. However, all these studies did not take inter-

population variability into consideration.

One of the possible reasons — among other factors described later — why some studies report
sexual dimorphism and others do not might be explained by the different mean curvatures
found in each research, which could arise from the different type of data and number of
vertebral elements used by each author when assessing the variation in the lumbar spine.
Lordosis and wedging angles are usually measured by the Cobb method (Cobb, 1948), which
has been widely used due to its easy application and reproducibility (Vrtovec et al., 2009).
When applying this method, some authors prefer to measure the lordotic curvature from the
superior endplate of L1 to the inferior endplate of L5 (Vialle et al., 2005), while others also
include the sacral endplate, thus including the effect of the L5-S1 intervertebral disc (Shefi et
al., 2013). These angles, as well as other measurements such as vertebral heights and lengths,
are usually taken directly on lateral X-rays (Taylor & Twomey, 1984; Vialle et al.,, 2005).
Furthermore, study populations vary in different aspects such as sample’s size, posture, body
mass index, mean age and age range, presence of lumbosacral transitional vertebrae, genetic
differences, etc. These characteristics can have an influence on the degree of sexual
dimorphism of the lumbar lordosis observed (Jentzsch et al., 2017; Korovessis et al., 1998;

Pries et al., 2015).

However, as Fazzalari et al. (2001) pointed out, 2D radiographic techniques are not the most
suitable to appreciate the three-dimensionality of the lumbar vertebral elements. On the one
hand, conventional radiographs suffer from image distortion (Bittersohl et al., 2013; Chiron et
al., 2017; Tardieu et al., 2017). On the other hand, both angular and linear measures — taken
from said radiographs — do not account for spatial features of lumbar vertebral alignment such

as the relation of vertebral bodies and intervertebral discs (Lois Zlolniski et al., 2017), the serial
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relation of vertebral elements position and height or the immediate location of the point of
maximum curvature of the lumbar lordosis. It should be mentioned that Vaz et al. (2002) and
Vialle et al. (2005) showed that specific spatial arrangements of vertebral elements could
similarly fulfill biomechanical functions despite giving rise to different angles or wedging
values. For example, the same pelvic incidence value could be matched with varying kyphotic
and lordotic angles in order to find the optimal posture. Following this first idea and in an
attempt at including the three-dimensionality of the lumbar spine, Kalichman et al. (2011) and
Zhou et al. (2000) used 3D CT scans, and Fazzalari et al. (2001), Masharawi et al. (2010) and
Reichmann and Lewin (1971) worked directly on dissected spines and vertebrae. Also, low-
dose radiology techniques that allow for 3D reconstruction of 2D images have been developed.
In this case, EOS imaging stands out as it combines simultaneous acquisition of lateral and
frontal radiographies and allows for a 3D reconstruction of the spine in the standing position
without any distortion (Dubousset et al., 2005; Hasegawa et al., 2017; Le Huec & Hasegawa,
2016; Tardieu et al.,, 2017). Such 3D studies have enhanced the possibility to explore
combinations of spinal features and how these could interact, for example, during the

development of a greater lordotic curvature in females (Masharawi et al., 2010).

This study goes one step further in analyzing shape variation of the 3D configuration of the
lumbar vertebral bodies and its contribution to lumbar spine morphology and curvature. We
used 3D geometric morphometrics (O’Higgins, 2000) — which allows for rigorous quantification
of size and shape — to explore potential factors of variation in the lumbar spine morphology
such as variability due to different genetic backgrounds and sexual dimorphism. In addition,
we compare these configurations with the classic standard measurements obtained by the
Cobb method (Cobb, 1948), in order to qualify the additional information a 3D geometric

morphometrics study might yield.

8

John Wiley & Sons, Inc.

Page 8 of 39



Page 9 of 39

oNOYTULT D WN =

American Journal of Physical Anthropology

Material and Methods

The methodology used in this study is 3D geometric morphometrics (3D-GM), which is
defined as the statistical analysis of an object’s size and shape in a virtual space (Zelditch et al.,
2012). This information is obtained from Cartesian landmark and semilandmark coordinates
located on specific points on the object (Mitteroecker and Gunz, 2009). The precise definition
of these landmarks and semilandmarks allows for a rigorous quantification of morphological
changes and a clear visualization of differences between complex forms, which otherwise
would be difficult to distinguish (Bookstein, 1991; Mitteroecker and Gunz, 2009; O’Higgins,
2000; Zelditch et al., 2012).

Sample

We reconstructed 3D models of the lumbar spine of 31 subjects in supine position (16
Mediterraneans and 15 South Africans) using their CT scans from three different medical
institutions: Mount Carmel Hospital in Haifa (Israel), ERESA Medical Group for Special
Radiological Explorations in Valencia (Spain) and Charlotte Maxeke Academic Hospital through
the Department of Human Anatomy and Physiology, Faculty of Health Sciences, University of
Johannesburg (South Africa). The study was approved by the local Ethics Committee of the
University of Valencia (IRB number H1417174744011) and the Human Research Ethics
Committee of the Charlotte Maxeke Academic Hospital (Clearance Certificate NO. M130844).
There was no examination from an Ethics Committee from Israel, but since the three samples
were anonymized, the study could be conducted in accordance with the Declaration of Helsinki

(Goodyear et al., 2007), as with the study sample used by Torres-Tamayo et al. (2018).

All subjects underwent a CT scan study on the basis of suspected metastasis of either breast,
melanoma, or colon neoplasm. In order to be included in our study all the subjects had to be
free of metastases and needed to show a free-of-anomalies and non-pathological, common

configuration lumbar spine (i.e. 5 vertebrae, no fractures, no scoliosis, etc.). In addition, if
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potential study subjects’ patient records also included suffering from low back pain or spinal
trauma, they were excluded from the study in order to avoid factors that could affect the

lumbar curve and thus the outcome of the study.

The sample was divided into four groups defined by sex and population. Consequently, we
analyzed a Caucasian sample of 7 males and 9 females from the circum-Mediterranean area
(Spain and Israel; hereafter termed “Mediterraneans”) and a sample from South Africa of 7
males and 8 females (hereafter termed “South Africans”). The reason for this population
classification is that we assumed that Spaniards and Israelis share Caucasian skeletal features,
which differ from South Africans due to ancestry (Behar et al., 2007; Okpala, 2014; Patrick,

1976).

Table 1 presents the demographic characteristics of the analysed population samples. No
differences were found between Mediterranean and South African samples. Also, no
differences in age (p=0.225) and body mass index (p=0.885) were found between
Mediterranean and South African women. The same applies to Mediterranean and South
African men (p=0.785 for age, and p=0.820 for body mass index). As a result, we considered
the population samples to be a good match for comparison, with Mediterranean or South

African origin being the biggest difference between them.

The lumbar spines, consisting of 5 lumbar vertebral bodies (L1-L5) and the base of the sacrum
(1), were segmented wusing Mimics 8 software to obtain the 3D models
(http://www.materialise.com/en/medical/software/mimics). The 3D models were post-
processed — i.e. trimmed, cleaned and smoothed — using Artec Studio software
(www.Artec3D.com), which facilitated anatomical measurements in a virtual environment.
Finally, the 3D models were imported into Viewbox 4 software (www.dhal.com) for

(semi)landmark digitization.

(Semi)landmarks configuration

10

John Wiley & Sons, Inc.

Page 10 of 39



Page 11 of 39

oNOYTULT D WN =

American Journal of Physical Anthropology

We defined and collected 390 landmarks and semilandmarks on each lumbar spine 3D model —
33 anatomical landmarks, 177 curve semilandmarks and 180 surface semilandmarks (Fig. 2).
Landmarks were placed at: the point of union of the right and left pedicles to the superior
margin of the intervertebral surface (on the annular epiphysis) of each vertebral body, on the
most lateral parts (right and left) of the base of the sacrum, on the most anterior point of the
superior margin of each intervertebral surface and on the inferior margin of the intervertebral
surface of each vertebral body, following a straight line from the ones on the superior margin.
Curve semilandmarks were distributed in 4 curves of 6 semilandmarks along the borders of
both intervertebral surfaces on each vertebral body, outlining at the same time the borders of
the intervertebral discs. Furthermore, 3 more curves of 3 semilandmarks were drawn between
the landmarks on the superior intervertebral surface of each vertebra and their corresponding
ones on the inferior surface. Lastly, 36 surface semilandmarks were placed on each vertebral
body. Thus, this template configuration collected 3D shape variation related to the vertebral

bodies and the associated intervertebral discs.

The semilandmarks underwent a sliding process along tangent lines or tangent planes to their
corresponding curves or surfaces, respectively (Gunz et al., 2005; Gunz & Mitteroecker, 2013).
This process removes the effect of arbitrary position until the optimal spacing is achieved. In
other words, once re-sliding is applied, there is a minimal morphometric difference (bending
energy) between each specimen and either the digitization template or the average shape of
the sample (consensus) (Gunz et al., 2005; Gunz & Mitteroecker, 2013). Finally and because
asymmetry was not the subject of this study, data were symmetrized using reflected relabeling

(Klingenberg et al., 2002; Mardia et al., 2000).

In order to evaluate the consistency of the digitization method and template, a random model
was digitized 3 different times. Subsequently, we calculated the Procrustes distances between

the 3 repetitions and compared them with the Procrustes distances of the whole sample. It is
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expected for the smallest Procrustes distance between two different configurations to be

higher than any Procrustes distances between two different repetitions.

3D geometric morphometric analyses

Procrustes superimposition was carried out to center, scale and rotate each configuration in
order to remove all the morphological variation not due to shape (Gower, 1975). This process
yielded Procrustes shape coordinates (Mitteroecker & Gunz, 2009), which were statistically

analyzed.

Differences in lumbar spine size were assessed by the centroid size — the square root of the
sum of the squared distances between each landmark and their centroid (average of all
coordinates) (Mitteroecker et al., 2013). We then calculated the mean centroid size for each of
the sex and population groups. Normal distribution was assessed using Shapiro-Wilk test, and
since not all subgroups were normally distributed (please, see results), statistical significance
of size differences was tested by a Mann-Whitney U test (Sokal and Rohlf, 1998) — with a
significance level of 0.05, wusing SPSS Statistics 21 software (http://www-

01.ibm.com/software/es/analytics/spss/).

Sexual shape dimorphism and inter-population shape variation of the lumbar vertebrae were
both explored by carrying out a Principal Components Analysis (PCA) in shape space (Zelditch
et al.,, 2012; Mitteroecker et al.,, 2013). To determine statistically whether sex or inter-
population factors are associated with the shape variation of the lumbar spine explained by
each principal component (PC), two dummy multivariate regressions of PC1 and PC2 shape
variation were calculated (dummy variables: sex or population; 1,000 permutations,
significance level 0.05) (Bastir et al., 2017; Garcia-Martinez et al., 2018; Monteiro, 1999; Rosas
& Bastir, 2002; Torres-Tamayo et al.,, 2017) using Morphol software (Klingenberg, 2011).
Dummy (or indicator) variables are created to represent an attribute which may have an
impact on the sample’s variability (i.e. sex or population) in a binary form (e. g. males = 1,
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females = -1) in order to identify which factor influences the shape variation summarized in
each PC. Once this was established, further Mann-Whitney tests were carried out to quantify
the statistical differences between group shape means (sex or inter-population factors) within

PC1 and PC2 scores.

For lumbar spine shape visualization along each principal component (PC) and comparison of
the mean shape with the minimum and maximum ranges of each PC scores, we used the Thin
Plate Spline method (TPS) (Gunz & Mitteroecker, 2013; Mitteroecker & Gunz, 2009) in the

EVAN Toolbox 1.63 software (http://www.evan-society.org/).

Cobb angle measurements

We used the Cobb method (Cobb 1948) — a standard method for quantification of the spinal
curvature (Vrtovec et al., 2009) — to assess the lordotic curvature in our sample. Using the
software Mimics 8 we produced reconstructed digital 2D images of the lumbar spines in the
mid-sagittal plane from each of the subject’s CT scans. We then applied the same technique as
from a conventional radiograph to measure the lumbar Cobb angle (Brink et al., 2017). We
drew two lines — one parallel to the superior endplate of L1, and another one parallel to the
surface of the sacral endplate (S1) and measured the angle between them. In order to evaluate
the reliability of our measurements, the Cobb angle was measured 3 different times by the
same researcher, and the Intraclass Correlation Coefficient (ICC) among the 3 different

measurements was calculated (Langensiepen et al., 2013; Srinivasalu et al., 2008).

Results

Measurement error assessment

The evaluation of the consistency of the digitization method shows that the smallest

Procrustes distance between two different configurations (0.0282) was more than two times
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the maximum distance between two different repetitions (0.0137). Based on these results, we
deemed the digitization method and template valid and of good quality for the identification

and quantification of each individual model in the shape space of our sample.

Size analysis

Normality tests of centroid size revealed normal distribution for the male and female sub-
samples and also for the South African population sample but not for the Mediterranean
population sample (W = 0.88; p = 0.04). Mean centroid size of the lumbar spine was not
statistically significantly different between the sexes (males: 1124.21, SD = 84.6; females:
1089.95, SD = 69.13) (Mann-Whitney between sexes: U = 89, p = 0.242). Furthermore, there is
also no statistically significant mean centroid size difference between the Mediterranean
(1121.7, SD = 69.05) and South African (1088.07, SD = 83.77) population samples (Mann-

Whitney between populations: U =95, p = 0.333).

Shape analysis

PCs 1 and 2 together summarize more than 60% of the total shape variability. PC1 (43.61% of
total variance) reflects variation in lordotic curvature: positive PC1 values correspond to less
lordotic lumbar spines, while negative PC1 values are associated with greater lordotic
curvatures (Fig. 3; S.Mov. 1; S.Mov. 2). We observe that the less lordotic spines are a product
of the combination of ventral wedging of L2 to L4 vertebral bodies and a more forwardly
shifted position of L5, particularly its lower portion, as well as a somewhat greater dorsal
wedging of the intervertebral disc L5-S1. It should be noted that the intervertebral discs of less
lordotic spines are slightly taller (referring to craniocaudal height) and that the angle between
the anterior surfaces of the L5 body and the first sacral element is relatively smaller as well. In
turn, a greater lordosis is produced by dorsal wedging of particularly L2 to L4 lumbar
vertebrae, a retracted position of the L5 body, slightly relatively craniocaudally shorter

intervertebral discs and dorsal wedging of especially disc L4-L5.
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PC2 accounts for 23.91% of the total shape variance and summarizes variation in vertebral
shape and shape proportions of vertebral bodies and intervertebral discs (Fig. 4; S.Mov. 3;
S.Mov. 4). It should be noted that all shape variation described and reported here is relative to
the overall size of the spines rather than absolute. Negative PC2 scores are linked to
craniocaudally relatively elongated vertebrae, where their transversal and dorso-ventral
lengths are relatively smaller than their vertical heights. Furthermore, the intervertebral
spaces are relatively taller, thus, the discs seem to follow the same tendency as the vertebral
bodies. Overall it seems that intervertebral disc height scales positively with vertebral body
height, particularly between L2-L4. Positive PC2 scores, on the other hand, are linked to
relatively wider vertebrae, with relatively greater transversal and dorso-ventral lengths and
relatively shorter craniocaudal heights, combined with relatively shorter intervertebral spaces,

accommodating thinner intervertebral discs.

Interestingly, PC2 scores seem to be linked to slight variations in the spatial position of the
lordosis (in the lateral view): negative PC scores indicate that the point of maximum curvature
of the lumbar lordosis is located more caudally (at L4-L5), while positive PC scores point to a

more cranially located curvature maximum close to L2-L3.

When projecting the Procrustes-aligned specimens in a tangent space along their principal
component axes (PC1-PC2) (Fig. 5), two different distributions of the sample along each axis
are observed. The horizontal axis (PC1) shows a distribution related to differences between
populations, where most of the Mediterraneans and their average shape plot towards
negative values, and South Africans (and their average shape) plot towards positive ones.
Lumbar lordosis variation contrasted by PC1 (Fig. 5) suggests that the lumbar spines of
Mediterraneans are more lordotic than those of South Africans. At the same time, the vertical

axis (PC2) shows shape variation associated with sexual dimorphism. Males plot along positive
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values, which correspond to relatively wider vertebral bodies, while females are distributed

along negative ones, corresponding to craniocaudally relatively elongated vertebrae.

The regression analyses of 3D coordinates on dummy variables statistically confirmed these
associations. The inter-population factor accounts for 16.18% of total variance along PC1
scores (p = 0.033), while the sex factor accounts for 32.93% of total shape variation along PC2
scores (p = 0.003). The Mann-Whitney U tests between PC scores’ means are also in
accordance with these results: differences on PC1 scores between Mediterraneans and South
Africans were statistically significant (U = 61; p = 0.020). The same is observed for differences

on PC2 scores between males and females (U = 45; p = 0.003).

Cobb angle measurements

The Intraclass Correlation Coefficient used to assess measurement accuracy for the Cobb angle
measurements was 0.99, which reflects an excellent reliability (Langensiepen et al., 2013).
Mean lordosis angles of each group measured by the Cobb method are indicated in Table 2.
The only statistically significant difference is observed between the different populations,

where South Africans have smaller angles than Mediterraneans (U = 65; p = 0.03).

Discussion

This study investigated the 3D morphological variation of the adult lumbar spines from two
different populations (Mediterraneans and South Africans). The purpose was to evaluate the
morphology and curvature of the lumbar spine (vertebral bodies and discs) through 3D
geometric morphometrics, exploring two potential causes of variation such as shape variability
due to different genetic backgrounds and sexual dimorphism, and to compare our results with

the Cobb angle method.

Geometric versus traditional morphometrics
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Our results on classic measurements (Table 2) are consistent with the 3D-GM findings: while in
the population analysis angular differences were statistically significant, in the sexual
dimorphism analysis they were not. It should be noted that the total sample size (N = 31) used
here is smaller than in other studies where the Cobb’s method is applied (Been et al., 2010;
Kalichman et al., 2011; Shefi et al., 2013; Vialle et al., 2005), which likely influences the results

of the statistical tests.

When compared with classical measurements, we would like to emphasize that 3D-GM
analysis does not only show differences in curvature degree but also other features, e.g.,
anterior and posterior heights of the vertebral bodies. This is important because a given
lordotic angle only describes the angular relation between L1 and S1 superior endplates, while
the shape of the full lumbar curvature (quantified by PC1) between these endplates can be
variable in other different aspects. For example, different vertebral body heights (in different
orientations) could cause different curvature outlines within the same angle. Or, differences in
vertebral wedging and the inclination of bodies at different lumbar levels could modify lumbar
curvature shape but not necessarily its angle. Furthermore, we should not forget that these
spatial arrangements are closely related and even dependent from the sacrum and pelvis

position within the trunk (Been et al., 2017; Vaz et al., 2002; Vialle et al., 2005).

Sexual dimorphism in the lumbar spine

The largest lumbar spine shape variation we found is associated with the lordotic curvature —
as shown by PC1. This is to be expected, since the main direction of mobility and the widest
range of movement of the lumbar spine occurs in the sagittal plane and is achieved by
variation of the lordosis. As mentioned before, several authors reported statistically significant
sexual dimorphism in this curvature (Bailey et al., 2016; Poussa et al., 2005; Vialle et al., 2005;
Whitcome et al., 2007). However, together with other authors who did not find any statistically
meaningful differences between the degrees of male and female lordosis (Fazzalari et al.,
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2001; Kalichman et al.,, 2011) we did not observe statistically significant difference in the

degree of the lordosis angle.

More importantly, our results show that sexual dimorphism is reflected more powerfully by
morphological factors other than variation in lordosis angle degree, as seen in PC2 which
shows sex-specific variation that is similar in both populations (Fig. 4; S.Mov. 3; S.Mov. 4).
Significant sexual dimorphism is expressed here by vertebral body morphology and
proportions. Female vertebrae appear to be relatively elongated craniocaudally with respect to
their horizontal measures, while male vertebrae show relatively greater transversal and dorso-
ventral lengths in relation to vertebral height (Fig. 4). These different proportions were already
observed by Taylor and Twomey (1984) who reported a smaller height/transverse diameter
index in males. Wider vertebrae lead to a more robust appearance of the male spine,
concordant with the larger male skeleton, necessary to support and move larger body sizes
and weights and which is developed via larger growth rate and/or a longer growth period than
what is observed in females (Bastir et al.,, 2014; Bogin, 1999; Bulygina et al., 2006). These
different height-width ratios seem to reflect sexual dimorphism of the entire vertebral column,
as such pattern of morphological differences is also found in the thoracic vertebrae (Bastir et

al., 2014).

Furthermore, Figure 4 (see also S.Mov. 4) also indicates very slight variation in lordosis
morphology in a spatial sense: in males, the point of maximum lordotic curvature is located
more cranially (L2-L3) within the lumbar spine than in females (L4-L5). Therefore, the overall
shape outline of the lumbar spine is different between the sexes. A similar trend has been
observed in the cervical region of the spine as well. Been et al. (2017) compared the cervical
lordosis of young and adult individuals of both sexes and found that while total cervical
lordosis was similar in males and females, males showed smaller upper cervical lordosis and

higher lower cervical lordosis, whereas females showed the opposite outline. This would
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suggest some overarching integrative pattern of spine curvatures and might be linked to the
sexual dimorphism observed in the onset of the adolescent growth spurt between male and
females (e.g. Schlosser et al., 2015; Shefi et al., 2013; Voutsinas & Macewen, 1986; Willner &
Johnson, 1983). Further, detailed investigations of the thoracic region and the vertebral

column as a whole would help clarify this.

In conclusion, the main features affected by sexual dimorphism as suggested by our results are

vertebral body robustness and overall lumbar spine shape outline.

Population specific features of lumbar spine variation

In our sample, the inter-population variability seems to have a stronger effect on the lumbar
curvature than sexual dimorphism, as it is represented on the first principal component. This is
observed in the PCA results (Fig. 5), as well as in the classic measurements (Table 2) and
complements other studies. As mentioned in the introduction, there are few and variable
studies that address the influence of inter-population variability on the morphology of the
lumbar spine in several aspects. Mosner et al. (1989) and Merrill et al. (2018) didn’t find
differences between the actual lordosis of an African-American and a European-American
population. Neither did Le Huec and Hasegawa (2016) between a Caucasian and a Japanese
population. Patrick (1976) compared a Nigerian population with a European one, and found a
greater lumbar curvature in the former. Okpala (2014) found that his Nigerian population had
a statistically significantly larger sacral slope when compared to several other studies based on
non-Nigerian samples and investigated with a similar methodology (while not always in the
same supine position). Whilst Patricks’ and Okpala’s comparison of a Nigerian and a European
population is not the same as comparing our Mediterranean population with the South African
sample, our results nonetheless confirm that the inter-population variability is an important

factor when studying lumbar spine morphology.
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We should point out that, besides genetic factors, these differences in study outcomes might
be also attributed to the very different data and methods used by each author as suggested
also by Hanson et al. (1997). Mosner et al. (1989) investigated the difference between
evaluating the lumbar curvature by studying the body contour (apparent lordosis) and
evaluating this curvature by actually studying the lumbar spine through a lateral radiograph
(actual lordosis), where they calculated the angle between a line parallel to the superior
surface of the L2 and another one either parallel to the inferior surface of the L5 (lumbo-
lumbar angle) or the sacral surface (lumbosacral angle). Merril et al. (2018) also used lateral
radiographs but calculated the angle between the L1 vertebra and the sacral surface (L1-S1
lordosis). Le Huec and Hasegawa (2016) performed a study based on EOS images. Patrick
(1976) used a flexicurve ruler (Milne & Lauder, 1974) to measure the curvature on the back of
standing subjects, from the 7t cervical vertebra to the lumbosacral joint, both located by
palpation on external body surface. Okpala (2014) used radiographs to measure the
lumbosacral angle of each lumbar spine, formed between a line parallel to the S1 endplate and

a horizontal line.

Our 3G-GM study enabled us to demonstrate that different morphological variations of the
lumbar curvature are reflected both in PC1 (stronger versus weaker curvature degree) and PC2
(more cranially located versus more caudally located point of maximum curvature). The 3D
morphometrics approach therefore enables us to differentiate between different structural
patterns contributing to the formation of the lordosis. Lordosis as linked to the inter-
population factor (PC1) lacks the associated component of spatial position and variation in
robustness, whereas lordosis related to sexual dimorphism (PC2), is linked with differences in

the position of the curvature maximum.

The fact that our Mediterranean sample is more lordotic than the South African sample, or

rather, that the variability in the adult lordotic curvature could be affected by other factors
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such as inter-population variation, may hence suggest that explaining sexual dimorphism of
lordosis only (or mainly) in terms of adaptation to pregnancy is insufficient. Clearly, other
factors such as the spino-pelvic alignment, i.e., the morphology of the pelvis, the pelvic
incidence, the sacral slope and the relation of the sacrum relative to the lumbar spine (Been et
al., 2017; Vaz et al., 2002; Vialle et al., 2005), body size, body mass index and body shape all

have an impact.

Beside these factors, and others related to the variability of the lumbar spine as subject of
study — number of vertebrae used, pathological or non-pathological spines, presence or
absence of lumbosacral transitional vertebrae, presence or absence of scoliosis, etc.,
discrepancies found among studies of sexual dimorphism and population variation could also
stem from differences in the inclusion/exclusion criteria used by each author, which are often
based on the sample’s age range. Some consider age-related degeneration to have an
influence on the lumbar curvature — either increasing it (Jentzsch et al., 2017) or decreasing it
(Dreischarf et al., 2014; Gelb et al., 1995; Korovessis et al., 1998; Merrill et al., 2018; Pries et
al.,, 2015) — and prefer to choose a younger-aged sample in order to eliminate its effect in
studies where age variation is not the main subject of study (Bailey et al., 2016). On the
contrary, other authors don’t find any relation between lordosis and age (Kalichman et al.,
2011), and thus don’t make any exclusions regarding age. However, sexually dimorphic
variation in postnatal ontogenetic trajectories and growth patterns will need to be considered
as well, as these variations have been reported but need to be further assessed in relation to
the lumbar vertebral morphology (Schlosser et al., 2015; Shefi et al., 2013; Voutsinas &

Macewen, 1986).

Study limitations

The influence of posture on the degree of the spinal curvature parameters needs to be

monitored closely: It has been reported that the lordotic angle tends to be larger in a standing
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position than in a supine position (Chevillote et al., 2018; Mauch et al., 2010). This is most
likely because axial loads (e.g. gravity forces, body weight) act on the soft tissue —
intervertebral discs mostly — and flatten the lumbar curvature in the supine position (Bailey et
al.,, 2016). Therefore, posture could be another cause of discrepancy found in the results
between various studies, and should be taken into account. We would caution that our results
can only be compared with those from studies based on the same approach to data collection

(i.e. data collected from subjects measured in the supine position).

A further limitation of this study is its small sample size (N = 31) which likely influences the
results of the statistical tests taken both for classical measures and 3D-GM analysis, and so the

study could benefit from a larger sample.

Future steps

This study investigated the lumbar vertebral bodies and the intervertebral discs and therefore
the part of the lumbar vertebral column most associated with weight transfer and stability. In
a further step, the posterior aspect of the lumbar vertebral column, associated with spinal
region mobility and shape variation (e.g. degree of lordosis) could be studied as well. This
would include the vertebral processes (costal, spinous and articular processes) and
intervertebral joint morphology and would further advance our understanding of how these
vertebral elements integrate and interact with regards to variation in the 3D morphology of

the human axial skeleton.
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Figure legends:

Figure 1: Vertebral body measurements used in this work.

Figure 2: 3D landmarks location in (A) frontal and (B) left lateral view. Red: 33 landmarks;

Green: 177 curve semilandmarks; Blue: 180 surface semilandmarks.

Figure 3: Shape differences explained by PC1, in frontal (top) and right lateral (bottom) views.
A) Negative values; B) Positive values. Arrows show the outline of the curvature and the

differences in lordosis.

Figure 4: Shape differences explained by PC2, in frontal (top) and right lateral (bottom) views.
A) Negative values; B) Positive values. Arrows show the outline of the curvature and the
position of the curvature maximum: around L4-L5 for negative values and around L2-L3 for

positive values.

Figure 5: PC1-PC2 scatter plot. Larger symbols represent group means. Light blue:
Mediterranean males; Light green: Mediterranean females; Dark blue: South African males;

Dark green: South African females.
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Right Ventral

Figure 2: 3D landmarks location in (A) frontal and (B) left lateral view. Red: 33 landmarks; Green: 177
curve semilandmarks; Blue: 180 surface semilandmarks.
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Figure 3: Shape differences explained by PC1, in frontal (top) and right lateral (bottom) views. A) Negative
values; B) Positive values. Arrows show the outline of the curvature and the differences in lordosis.
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Shape differences explained by PC2, in frontal (top) and right lateral (bottom) views. A) Negative values; B)
Positive values. Arrows show the outline of the curvature and the position of the curvature maximum:
around L4-L5 for negative values and around L2-L3 for positive values.
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Table 1: Description of the samples analyzed.
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Mediterranean sample

South African sample

Mean Range SD Mean Range SD p-value
Age (years) 48.9 18-73 18.2 42.4 19-65 15.4 0.268
Body height (cm) 169 156-183 8.7 168.8 158-182 8.2 0.945
Body weight (kg) 63.7 50-78 8.1 63.2 55-76 7.3 0.850
Body mass index (kg/m?) 22.2 20.0-24.6 1.6 22.1 19.7-23.0 1.0 0.799
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Table 2: Mean lordosis angles of each group (Cobb method) and Mann-Whitney U tests for differences between

them. Statistically significant values (p < 0.05) are marked with an asterisk (*).

Mann-
MEAN (°) SD p-value
Whitney U

Mediterranean Males 49.47 14.25

27 0.634
Mediterranean Females 55.21 9.95
South African Males 43.05 11.33

23 0.563
South African Females 45.48 7.5
Total Males 46.26 12.81

97 0.383
Total Females 50.63 9.96
Total Mediterranean 52.7 11.95

65 0.03*
Total South African 44.35 9.2
TOTAL 48.66 11.17 - -
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