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ABSTRACT

Studies of the australopith (Australopithecus and Paranthropus) proximal femur have
increasingly integrated information from the local arrangement of the cortical and cancellous
bone to allow functional-biomechanical inferences on the locomotor behavioral patterns. In
Australopithecus africanus and Paranthropus robustus, the cancellous bone organization at the
center of the femoral head shows principal strut orientation similar to that of fossil and recent
humans, which indicates that australopiths were human-like in many aspects of their
bipedalism. However, by combining outer morphology with superoinferior asymmetry in
cortical bone thickness at the base of neck and mid-neck, it has been suggested that, while
adapted for terrestrial bipedality, australopiths displayed a slightly altered gait kinematics
compared to Homo. We used techniques of 2D and 3D virtual imaging applied to an X-ray
microtomographic record to assess cortical bone distribution along the entire femoral neck
compartment in four upper femora from Swartkrans, South Africa (SK 82, SK 97, SK 3121,
and SWTI1/LB-2) and compared the results to the extant human and chimpanzee conditions.
Our results support and extend previous evidence for more symmetric superior and inferior
femoral neck cortical thicknesses in P. robustus than in modern humans and show that the
differences are even greater than previously reported. However, P. robustus and humans still
share a trend of lateral-to-medial decrease in asymmetry of the superior/inferior cortical
thickness ratio, while this pattern is reversed in chimpanzees. We also identified two features
uniquely characterizing P. robustus: an accentuated contrast between the relatively thicker
anterior and the thinner posterior walls, and a more marked lateral-to-medial thinning of both
cortices compared to extant humans and chimpanzees, which indicate wider interspecific

differences among hominids in structural organization of the proximal femur than previously



reported. It remains to be ascertained if, and to what extent, these features also characterize the

femoral neck of Australopithecus.

Cortical bone; Functional morphology; Hominin biomechanics; X-ray microtomography

1. Introduction

The anatomy of the proximal femur has been extensively investigated in the australopiths
(the term subsuming here Australopithecus and Paranthropus) in order to reconstruct their
locomotor repertoire (e.g., Lovejoy et al., 1973, 2002; Lovejoy, 1975, 1988; Ruff, 1995; Ohman
et al., 1997; Ward, 2002, 2013; Ruff and Higgins, 2013; Ruff et al., 2016). Compared to the
modern human condition, among other distinctive postcranial features, the australopith
proximal femur shows a small head relative to the shaft breadth; a proportionally long and
anteroposteriorly compressed neck (or, more appropriately, a superoinferiorly expanded neck
relative to the femoral head breadth; Ruff and Higgins, 2013); a reduced neck-shaft angle; and
a less laterally-projected greater trochanter positioned below the femoral head (e.g., Lovejoy et
al., 1973; Lovejoy, 1975; McHenry, 1975; Tague and Lovejoy, 1986; Ruff, 1995, 2010; Ruff
et al., 1999, 2016; Harmon, 2009; Berge and Goularas, 2010; Kibii et al., 2011; Ruff and
Higgins, 2013). Such anatomy is associated with a relatively wide biacetabular breadth which
appears to have characterized early hominin pelves (Gruss and Schmitt, 2015; Ruff, 2017;
Vansickle, 2017). While it is still debated whether some morphological traits of the australopith
hip joint evolved in response to functional demands or are retentions from an ancestral condition
(Ward, 2013; Ruff et al., 2016), it has been shown that a complex and changing pattern of
natural selection drove hominin hip and femoral evolution. In this context, many traits
commonly suggested to have played functional roles in a bipedal gait evolved as a result of

natural selection (Grabowski and Roseman, 2015).



While initially based entirely on the external morphology, studies of the australopith
proximal femur have increasingly incorporated information from the internal bony structure, an
analytical shift which has added critical elements for functional-biomechanical inferences on
locomotor and behavioral patterns (Lovejoy, 1988; Ohman et al., 1997; Lovejoy et al., 2002;
Ruff and Higgins, 2013; Chirchir et al., 2015; Ruff et al., 2016; Ryan et al., 2018; see also Ryan
and Sukhdeo, 2016). Indeed, besides the influence of a number of biological (metabolic) factors
on the inner bone organization and the imprint of a genetic component in the resulting
evolutionary adaptive bauplan (e.g., Lovejoy et al., 1999; Judex et al., 2004; Demissie et al.,
2007; Havill et al., 2007, 2010; Bonewald and Johnson, 2008; O'Neill and Dobson, 2008;
Gosman et al., 2011; Wallace et al., 2012; Johansson et al., 2015), the mechanosensitive bone
tissues remodel during life to adjust the loading environment (e.g., Huiskes, 2000; Lanyon and
Skerry, 2001; Lieberman et al., 2003, 2004; Pearson and Lieberman, 2004; Mittra et al., 2005;
Ruff et al., 2006; Skerry, 2008; Barak et al., 2011, 2017; Gosman et al., 2011; Raichlen et al.,
2015). Accordingly, structural variation in femoral cortical and trabecular bone can be used as
proxy for assessing hip joint loading and thus inferring functional behaviors in extant and
extinct primates (e.g., Fajardo et al., 2007; Shaw and Ryan, 2012; Kivell, 2016; Ruff et al.,
2016; Ryan et al., 2018).

Among the inner features of the hominin hip joint, the superoinferior asymmetry in cortical
bone thickness at the femoral neck has been well studied (Ohman et al., 1997; Lovejoy et al.,
2002; Ruff and Higgins, 2013; Ruff et al., 2016). Modern humans are characterized by a
distinctly asymmetric distribution resulting from an absolutely thinner superior cortex and a
thicker inferior cortex (Lovejoy, 1988, 2005; Ohman et al., 1997; Rafferty, 1998; Lovejoy et
al., 2002; Ruff and Higgins, 2013; Ruff et al., 2016). The thinner superior cortex has been
attributed to reduced strains in that region due to the action of the gluteal abductors producing

a compressive force that counteracts tensile strains engendered by bending of the neck during



weight bearing (Lovejoy, 1988, 2005; Lovejoy et al., 2002; Ruff and Higgins, 2013; Ruff et al.,
2016). Conversely, great apes possess a more symmetrical distribution of cortical bone across
the neck (Ohman et al., 1997; Rafferty, 1998), possibly because of positioning, proportions and
functioning of their gluteal muscles (Stern and Susman, 1981).

The human-like superoinferior asymmetry in cortical bone distribution across the femoral
neck, as evidenced in Australopithecus, suggests a full commitment to terrestrial bipedalism
(Ohman et al., 1997; Lovejoy et al., 2002). However, Ruff and Higgins (2013) showed that,
especially at mid-neck, australopiths have relatively less asymmetric superior and inferior neck
cortices than modern humans, while they are closer to modern human than nonhuman
hominoids at the base of the neck (Ruff and Higgins, 2013). More recently, femoral neck
cortical bone measures quantified on the Australopithecus afarensis A.L. 288-1 partial skeleton
(‘Lucy’) support a pattern of breadth ratios that fall within but in the upper (i.e., more
symmetric) portion of the modern human range, similar to some other australopith specimens
(Ruff et al., 2016). However, the femoral neck is a 3D structure, thus its total inner structural
arrangement cannot be completely captured by site-specific linear measurements, as is typically
done. Additionally, while the superior/inferior cortical thickness ratio assessed at the base of
neck and at mid-neck have received attention in primate comparative anatomy and
paleoanthropology, limited data is available on the differences between anterior and posterior
walls (Ohman et al.,, 1997) and, importantly, no study has yet quantified cortical bone
distribution across the entire femoral neck in a fossil hominin taxon.

Here we apply 2D and 3D techniques of virtual imaging to assess the internal structural
organization of the neck of four variably preserved proximal femora from Swartkrans, South
Africa, attributed to Paranthropus robustus (SK 82, SK 97, SK 3121, and SWT1/LB-2). In this
assemblage, SWT1/LB-2 is still unreported with regard to its inner structure (Pickering et al.,

2012). By relying on a microtomographic (uXCT) record, we firstly aim to refine and expand



previous tomographic-based (XCT) measures of neck cortical bone thickness performed on SK
82 and SK 97 (Ruff and Higgins, 2013). Additionally, to furtherly evaluate the adaptive
functional requirements having shaped the inner bony conformation of the hip joint in P.
robustus, we provide the first evidence of cortical bone distribution and thickness proportions
assessed in the entire femoral neck and compare these results with those from two samples
representing Homo sapiens and Pan troglodytes.

According to Ohman et al. (1997), humans and African apes display generally uniform
anterior and posterior cortical thicknesses along the neck and the cortices tend to slightly get
thinner from the neck-shaft junction to the head, with little difference between the species. In
addition, although anterior and posterior cortical bone topographic variation across the
australopith femoral neck remains unknown, the anterior/posterior ratio assessed at
approximately the neck-shaft junction in A.L. 288-1 is reported as indistinguishable from the
human and ape conditions (Ohman et al., 1997). Accordingly, here we also test the hypothesis
that also the P. robustus pattern is poorly distinguishable from both the human and the

chimpanzee conditions.

2. Materials and Methods
2.1. Materials

Fossil specimens The investigated specimens, SK 82, SK 97, SK 3121, and SWT1/LB-2, all

adults from the Pleistocene cave deposits of Swartkrans and curated at the Ditsong National
Museum of Natural History, Pretoria, are shown in Figure 1.

SK 82 and SK 97 derive from the Hanging Remnant, while SWT1/LB-2 comes from the
Lower Bank of the Member 1. According to cosmogenic nuclide burial dating (Gibbon et al.,
2014), U/Pb dating of flowstone layers under- and overlying Member 1 (Pickering et al., 2011,

2019), and previous chronological estimates provided by Curnoe et al. (2001) and Balter et al.



(2008), as discussed by Herries et al. (2009), the most accurate chronology of Member 1 ranges
between 2.31 and 1.64 Ma. Conversely, SK 3121 comes from the Member 2 breccia block,
whose dating has proved more problematic. However, based on U-Pb dates (Balter et al., 2008;
see also Herries et al., 2009; Gibbon et al., 2014), chronology of this unit should range between
1.36 and 1.1 Ma (Pickering et al., 2019), which is compatible with the biochronological
framework assessed by Vrba (1975) and Delson (1988).

SK 82, discovered in 1949, represents a right proximal femur preserving the head (maximum
diameter = 34.4 mm), the neck (mid-neck superoinferior diameter = 30.6 mm), the trochanteric
region and 137 mm of shaft (Robinson, 1972). It is rather well preserved, but a fracture exists
just at its head-neck junction. This specimen was attributed to P. robustus by Napier (1964),
who was the first to identify and describe its non Homo-like morphology. Later, in attributing
to Paranthropus the large majority (ca. 95%) of the taxonomically diagnostic craniodental
material from Swartkrans Member 1, Grine (1989) provided support to Napier's original
attribution. Based on its femoral head diameter compared to other specimens considered as
conspecific, SK 82 likely represents a male individual (Susman et al., 2001). Estimated body
mass in this individual is 37.1-45.3 kg (Pickering et al., 2012; Ruff et al., 2018).

SK 97, also discovered in 1949, is a right proximal femur preserving the head (maximum
diameter = 38.4 mm), the neck (mid-neck superoinferior diameter = 30.9 mm), the trochanteric
region, and 118 mm of shaft (Robinson, 1972). Similarly to SK 82, its neck is rather well
preserved. However, two fractures run from the fovea capitis until the neck, where the specimen
also shows a number of fine cracks. Attributed to P. robustus by Napier (1964; see also Grine,
1989) and very likely representing a male individual (Susman et al., 2001), SK 97 closely
resembles to SK 82 in morphology, proportions, and cross-sectional geometry of the proximal
shaft (Ruff et al., 1999; Ruff and Higgins, 2013). It has been noted that its greater and lesser

trochanter approach the modern human morphology, even if some differences concern the



femoral tubercle which, differently from extant humans, is not clearly separate from the greater
trochanter in SK 97, suggesting that the area of attachment for gluteus minimus extends slightly
medialward than it occurs in H. sapiens (see Robinson, 1972). Estimated body mass in this
individual is 43.2-53.8 kg (Pickering et al., 2012; Ruff et al., 2018).

SK 3121, discovered sometime before 1970, is a right proximal femur bearing ca. 23 mm of
neck (mid-neck superoinferior diameter = 20.0 mm), notably along its upper margin. Within
the assemblage of proximal femora attributed so far to P. robustus, SK 3121 displays the
smallest articular end (maximum diameter = 29.9 mm), which supports its more likely
attribution to a female individual. While incomplete, this specimen is relatively well preserved
and its head-neck junction is rather smooth. According to Susman et al. (2001), the
taxonomically most significant diagnostic feature of this fossil is represented by its
anteroposteriorly compressed neck, a feature shared by all specimens investigated in the present
study (Pickering et al., 2012). Estimated body mass in this individual is 24.1-30.0 kg (Pickering
et al., 2012; Ruff et al., 2018).

SWT1/LB-2, discovered in 2010, represents a right proximal femur originally in two pieces
(one composed of the head and neck and the other by a portion of the extreme proximal
diaphysis truncated just inferior to the largely missing greater trochanter), but with a good
contact between the two sections (Pickering et al., 2012). It preserves the head (maximum
diameter = 35.2 mm), the neck (mid-neck superoinferior diameter = 27.4 mm) and a minor
portion of the proximal diaphysis; however, it lacks most of the greater trochanter. The
specimen's outer surface is well-preserved. Minor biochemical erosion is apparent in the form
of a few localized, shallow linear features appearing on the cortex (Pickering et al., 2012). This
fossil shows a relatively small head and an anteroposterior flatness of the long neck, which also
probably had a low angle. Estimated body mass in this individual is 37.1-45.8 kg (Pickering et

al., 2012; Ruff et al., 2018).



Comparative materials The extant human comparative sample consists of 25 femora from adult

individuals (10 males and 15 females, aged from 21 to 54 years) of African and European
ancestry selected from the McGregor Museum of Kimberley (n = 5; Morris, 1984), the Pretoria
Bone Collection at the Department of Anatomy of the University of Pretoria (n = 16; L'Abbé et
al., 2005), and the R.A. Dart skeletal collection at the University of the Witwatersrand (n = 4;
Dayal et al., 2009), all in South Africa. Details on the composition of this diverse sample are
provided as Supplementary Online Material (SOM) Table S1.

The Pan troglodytes sample (SOM Table S1) consists of 8 femora from 7 wild and one likely
wild adult individuals of both sexes from the Evolutionary Studies Institute of the University
of the Witwatersrand, Johannesburg (n = 1), the Muséum national d'Histoire naturelle of Paris,
France (n = 2), and the Japan Monkey Center at Inuyama, Japan (n = 5; Shimizu et al., 2002).

All specimens used in this study for comparisons lack any macroscopic evidence of outer or

inner alteration or obvious pathological changes.

2.2. Methods

Data acquisition and image processing To detail their inner structural morphology, all

specimens were imaged by X-ray microtomography (uXCT). SK 82, SK 97, SK 3121 and
SWT1/LB-2 were scanned between 2014 and 2017 at the microfocus X-ray tomography facility
(MIXRAD) of the South African Nuclear Energy Corporation SOC Ltd (Necsa), Pelindaba,
using a Nikon XTH 225 ST (Metris) equipment according to the following parameters: 100 kV
(SK 3121 and SWT1/LB-2) and 190 kV (SK 82 and SK 97) tube voltage; 0.10 mA (SK 3121
and SWT1/LB-2) and 0.12 mA (SK 82 and SK 97) tube current; and an angular increment of
0.36° between each projection (for a total of 1000 projections). The final volumes were

reconstructed with an isotropic voxel size ranging from 24 um (SK 3121) to 79 um (SK 82).



Sixteen extant human femora were also imaged at Necsa at resolutions ranging from 50 pm
to 92 pm isotropic voxel size, while the remaining nine specimens forming the human reference
sample were scanned at the X-ray microtomography facility of the University of the
Witwatersrand at resolutions ranging from 50 pm to 70 um isotropic voxel size (SOM Table
S1).

The Pan troglodytes femora were scanned at resolutions ranging from 42 um to 350 um
isotropic voxel size (the latter by using a SR light source) at the University of the
Witwatersrand, the European Synchrotron Radiation Facility (ESRF) of Grenoble, France, and
the National Science Museum of Tokyo, Japan (SOM Table S1).

By using the more complete SK 82 and SK 97 specimens as reference guide, SK 3121 and
SWT1/LB-2 were virtually reoriented in Avizo v.8.0.0 software (Visualization Sciences Group
Inc., Bordeaux) so that all were tentatively oriented in the same way. The images used to
investigate the inner structural arrangement of the femoral neck were taken perpendicular to the
main neck axis (Fig. 2). Independently from their original side, all extant comparative
specimens were imaged as right femora. Repeated attempts performed to verify the degree of
congruence of the virtually-oriented 2D and 3D reconstructions proved the reliability of the
protocol.

Cortical bone analyses In SK 82, SK 97, SWTI1/LB-2 and in all extant specimens used for

comparison, the femoral neck was virtually delimited between the head-neck junction,
medially, and its base, laterally, avoiding the superior flaring of the greater trochanter (Ruff and
Higgins, 2013; Ruff et al., 2016). To extract its cortical shell from the deeper trabecular bone,
a semiautomatic threshold-based segmentation with manual corrections (notably in the case of
SK 82 and SWTI1/LB-2) has been carried out (see the region-based segmentation approach
based on topographic concepts known as the watershed transform, in Meyer and Beucher, 1990;

Roerdink and Meijster, 2000) by Avizo v.8.0.0. In each specimen, the segmentation image stack
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has been resliced perpendicular to the longitudinal neck axis to get the anteroposterior slices.
To automatically assess all measurements, we used an ad hoc routine developed by J.D. using
a program created with MATLAB v. 8.1 (MathWorks, 2013). For each reoriented segmentation
slice, the most superior and inferior pixels of cortical bone were automatically detected to
delimit the most superior (L.1) and most inferior limits (L2) of the cortex, respectively (Fig. 3a).
A superoinferior axis was defined as a line connecting the most superior and most inferior
points (Ruff and Higgins, 2013). However, while in general we did not encounter difficulties
in virtually extracting and assessing the neck cortex (Cazenave, 2015; Cazenave et al., 2015,
2017a), we could not reliably define the base of neck in SK 3121. Additionally, because of
locally missing segments of bone and cracking (including across the lower endosteal border),
the assessment of cortical bone thickness variation in SWT1/LB-2 was limited to its superior
cortex and anterior neck wall (Fig. 4).

Whenever possible, the superior (S) and inferior (I) cortical thicknesses and their ratio (S/I)
have been measured across the entire neck length. However, to allow direct comparisons with
the results from other similar studies (Ruff and Higgins, 2013; Ruff et al., 2016), the local
thicknesses measured at the base of neck and at mid-neck (Fig. 2) were specifically considered
(for methodology, see Ruff and Higgins, 2013:Fig. 3). Additionally, to get a more
comprehensive quantitative assessment of cortical bone topographic variation, in each slice
perpendicular to the longitudinal axis of the virtually isolated femoral neck, the superior,
inferior, anterior and posterior quadrants were delimited by two orthogonal lines set at 45° with
respect to the superoinferior axis, and the average cortical thickness thus measured for each
quadrant (Fig. 3b). For each pixel of the outer (periosteal) contour of the cortex, the thickness
was defined as the smallest distance to the endosteal contour. Then, for each quadrant, the
average of all measured thicknesses was calculated. For the anterior and posterior quadrants,

the minimum and maximum thickness values were also measured. Intra- and interobserver
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errors for accuracy of the repeated linear measurements (thicknesses) showed differences less
than 4%.

Among the fossil sample, SK 82 preserves the best periosteal and endosteal neck surfaces.
To provide a planar representation of cortical bone topographic thickness variation, we virtually
unzipped the portion between the base of neck and the head-neck junction along a predefined
line of its inferior aspect, unrolled such portion and projected its local properties into a
morphometric map (Bondioli et al., 2010; see also Bayle et al., 2011; Morimoto et al., 2011;
Puymerail et al., 2012; Jashashvili et al., 2015; Zanolli et al., 2018). The map was generated by
a custom routine developed in R v.3.4.4 (R Core Team, 2018) with the packages Momocs
(Bonhomme et al., 2014), spatstat (Baddeley et al., 2015) and gstat (Pebesma, 2004). Cortical
bone thickness values have been standardized between 0 and 1 and the morphometric map has
been set within a grid of 180 rows by 40 columns. To allow a comprehensive visual comparison
between the structural signature characterizing SK 82 and the map summarizing the variation
expressed by our extant human (n = 25) and chimpanzee (n = 8) samples, by a custom routine
developed in Scilab Entreprises (2017) we performed generalized additive models (GAM) of
interpolation by merging the individual morphometric maps into a single dataset to create a

consensus map for each taxon (Wood, 2006; Puymerail et al., 2012).

3. Results

The virtual sections perpendicular to the longitudinal neck axis taken at the base of neck in
SK 82, SK 97 and SWT1/LB-2 and at mid-neck in all four P. robustus specimens investigated
here, including SK 3121, are shown in Figure 4 together with those of an extant human and a
chimpanzee representative selected from our comparative samples.

Cortical bone thickness measures have been performed at the base of neck in SK 82, SK 97

and SWT1/LB-2 (only the upper cortex measured in the latter) and at mid-neck in SK 82, SK
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97, SK 3121, and SWTI1/LB-2 (again, only the upper cortex), respectively. Whenever possible,
on the same virtual slices we also assessed the mean cortical thickness of the geometrically-
defined superior and inferior quadrants (Fig. 3). The results are shown in Table 1, together with
the XCT-based superior (S) and inferior (I) measurements previously performed on SK 82 and
SK 97 by Ruff and Higgins (2013). Table 1 also shows the estimates obtained in our extant
comparative samples, as well as the uXCT-based cortex thicknesses and ratios of the A.
afarensis ‘Lucy’ (Ruff et al., 2016).

For SK 82 and SK 97, the differences between the uXCT-based (present study) and the XCT-
based (Ruff and Higgins, 2013) measures vary between 0.54 mm (16.0%) and 1.12 mm
(48.7%), at its base, and between 0.06 mm (2.1%) and 1.31 mm (46.6%), at mid-neck. In terms
of polarity, those uXCT-based are higher (up to 1.12 mm) in five out of eight cases and lower
(up to 0.58 mm) in the remaining three (Table 1). The impact of such differences on the S/I
ratio of the two specimens is clear, as they imply less asymmetric cortices at the base of neck
(0.76 vs. 0.47 and 0.68 vs. 0.42, in SK 82 and SK 97, respectively) and a closer signal between
the two fossils for the mid-neck thickness ratio (0.86 vs. 1.05 and 0.96 vs. 0.68, in SK 82 and
SK 97, respectively) than previously reported (Ruff and Higgins, 2013).

According to the present P. robustus estimates, the S/I cortical ratio varies from 0.68 (SK
97) to 0.76 (SK 82) at the base of neck, and from 0.71 (SK 3121) to 0.96 (SK 97) at mid-neck.
Both mid-neck measures of the likely female specimen SK 3121 correspond to the absolutely
thinnest cortices assessed within this fossil assemblage (no reliable measures available for SK
3121 at base of neck). For the S/I ratios assessed at both the base of neck and mid-neck, P.
robustus 1s thus less asymmetric than measured in our extant human sample and also in ‘Lucy’
(Ruff, pers. comm.; see also Ruff et al., 2016:Fig. 7), but more asymmetric than Pan troglodytes

at the base of neck (Table 1). Conversely, the average ratio at mid-neck measured in our
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chimpanzee sample (0.66 + 0.13) is comparable to the estimate of SK 3121 (0.71) but lower
than assessed in both SK 82 (0.86) and SK 97 (0.96).

A rather coherent picture with respect to the pattern shown by the two linear measures taken
at base of neck and mid-neck is provided by the mean cortical thickness assessed along the
entire superior and inferior quadrants (Table 1; Fig. 3). In such case, however, while the likely
female SK 3121 again shows the thinnest average superior cortex at mid-neck, that of the lower
quadrant is shown by the likely male SK 82 (Table 1).

For SK 82 and SK 97, the standardized mediolateral variation of the S/I ratio from the base
of neck (0%) to the head-neck junction (100%) is shown in Figure 5a and is compared to the
extant human and chimpanzee variation expressed by our reference samples (Fig. 5b, c,
respectively). As noted, SK 82 and SK 97 display more symmetric superior and inferior femoral
neck cortical thicknesses than measured in extant humans. Yet, they share a tendency for a
lateral-to-medial increase in this ratio, which in humans is especially accentuated across the
medial half of the neck (Fig. 5b). Conversely, Pan troglodytes exhibits marked lateral-to-medial
ratio decrease, i.e., a tendency towards thickness asymmetry inversion from the base of neck
towards the femoral head (Fig. 5c).

We used quadrants also to compare mean cortical thickness variation across the anterior and
posterior walls (Fig. 3). The results (Table 2; Fig. 6) are shown for SK 82, SK 97 and SWT1/LB-
2 (the latter uniquely considered for its anterior wall) and for the extant human and chimpanzee
samples. The fossils SK 82 and SK 97 evince thicker anterior and thinner posterior walls across
the entire neck (Fig. 6a, b), while cortex asymmetry is nearly absent in extant humans (Fig. 6d,
e) and is modest in chimpanzees, the average anterior wall measured in our sample being only
slightly thicker (Fig. 6f, g). Differently from the S/I ratio (Fig. 5), the tendency in P. robustus

and, to a lesser extent, in extant humans and Pan, is towards a lateral-to-medial decrease of the
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average cortical thickness across both walls. Among the three fossil specimens, SWT1/LB-2
shows, on average, the thickest anterior wall (Table 2; Fig. 6¢).

The standardized morphometric maps of the virtually projected cortical bone thickness of
the SK 82's neck and the consensus cartographies generated for the extant human and
chimpanzee samples are shown in Figure 7. It should be noted that, similarly to the results
provided in Figure 5 for the S/I ratio and in Figure 6 for the anterior vs. posterior wall thickness
variation, the geometrically-defined quadrants are neck shape-dependent. Thus, the
morphometric maps provide information derived from surfaces having slightly different
proportions in each taxon. When compared to the average human condition, for example, the
superior quadrant of P. robustus is longer and narrower, while its anterior wall is both laterally-
to-medially and superoinferiorly more extended.

In terms of both relative topographic distribution pattern and absolute cortex thickness, the
contrast between SK 82, dominated by ‘warm-hot’ colors, and the extant human consensus
map, where ‘cool’ dark blue associated to thinner cortex is spread, is especially marked, notably
for the superior and anterior neck quadrants. As rendered by the pseudocolor scale, an
intermediate pattern, or cortices locally as thick as measured in P. robustus, are displayed by
Pan troglodytes (Table 2), whose consensus map is dominated by green-cyan to yellow ‘warm’
colors. In all three taxa, a variably expressed trend of lateral-to-medial cortical thinning

(bottom-top direction in each map of Fig. 7) is found within all neck quadrants.

4. Discussion

The internal organization of the hominid proximal femur is seen as intimately related to
variation in hip joint loading (Ohman et al., 1997; Rafferty, 1998; Lovejoy et al., 2002; Ruff
and Higgins, 2013; Chirchir et al., 2015; Ruff et al., 2016; Ryan et al., 2018). With regard to

the femoral neck, in extant humans cortical bone is estimated to carry from ca. 50% to ca. 96%
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of the loads at the mid-neck and base of the neck, respectively, i.e., considerably more than the
subcapital region (ca. 20%; Lotz et al. 1995). Nonetheless, quantitative evidence available so
far on cortex variation across the femoral neck in nonhuman fossil hominin taxa remains limited
(Lovejoy, 1988; Ohman et al., 1997; Lovejoy et al., 2002; Ruff and Higgins, 2013; Marchi et
al., 2016; Ruff et al., 2016; DeSilva et al., 2018; Simpson et al., 2019). Using the assemblage
of four proximal femora from Swartkrans currently attributed to P. robustus (SK 82, SK 97, SK
3121, and SWT1/LB-2), we refined some local estimates of the degree of superior vs. inferior
cortical bone thickness asymmetry of the neck in this taxon (Ruff and Higgins, 2013). In
addition, we extended such 2D and 3D analyses to the entire compartment, in order to verify if
P. robustus also aligns with the general structural pattern of rather uniform anterior and
posterior cortical thickness distribution along the neck and of slight lateral-to-medial thinning
suggested to be shared by humans and African apes, with little interspecific differences (Ohman
et al., 1997).

Major limitations in our study were imposed by the incompleteness of the fossil specimens
(notably, SK 3121) and the heterogeneous preservation quality of their inner signal (notably,
the posterior and inferior cortices in SWT1/LB-2). In the present and other similar studies, the
current lack of comparative evidence from Pan paniscus represents another limiting factor
because of the possibility that, even if minor, some differences in locomotor behavior observed
between chimpanzees and bonobos in arboreal travel component and function or use of
bipedality (e.g., Doran, 1993; Videan and McGrew, 2001) may be also recorded at the hip joint
in terms of endostructural bony arrangement. Nonetheless, our results provide a rather coherent
picture of some unique features characterizing P. robustus with respect to both the extant human
and chimpanzee patterns which may have implications in the reconstruction of the hip joint

loading conditions in this fossil hominin taxon.
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As noted, compared to the modern human condition, the australopith femoral neck is longer
and superoinferiorly expanded relative to the femoral head breadth (reviewed in Ruff and
Higgins, 2013). Asymmetry in cortical bone thickness distribution between the superior and
inferior margins, the former being absolutely thinner, is considered a typical human structural
feature developed as mechanical response to the more stereotypic loading pattern imposed by
habitual bipedal locomotion and the action of the gluteal abductor muscles, which is also
variably expressed in australopiths (Lovejoy, 1988, 2005; Ohman et al., 1997; Rafferty, 1998;
Lovejoy et al., 2002; Ruff and Higgins, 2013; Ruff et al., 2016). Our new set of higher resolution
measures at the base and mid-neck confirm that P. robustus displays a thicker inferior cortex,
especially laterally, which supports the view of a human-like action of the gluteal abductors
producing a compressive force counteracting the tensile strains in the superior cortex (Lovejoy
et al., 2002; Ruff and Higgins, 2013). However, while still consistent in terms of pattern, they
also provide evidence for more symmetric superior and inferior femoral neck cortical
thicknesses in P. robustus than in modern humans than previously reported using an XCT-based
record (Ruff and Higgins, 2013). Besides possible slight variations between the studies in
positioning or orientation of the mid-neck and base of neck sections, reasons for such
differences more likely depend on the higher resolution of the uXCT record used in the present
study, i.e., about x3 better in the section plane (79 pm and 70 um vs. 230 um for SK 82 and
SK 97, respectively). In any case, even if at this stage the functional meaning of a lower degree
of asymmetry between the superior and inferior cortices remains to be ascertained, these results
tend to support the possible existence of slight differences in cortical bone distribution
asymmetry across the femoral neck between P. robustus (less asymmetric) and A. afarensis
(more asymmetric), at least as documented so far in the latter taxon by the two specimens MAK
VP-1/1 (Ohman et al., 1997; Lovejoy et al., 2002) and A.L. 288-1 (Ruff et al., 2016), whose

asymmetry pattern would more closely approach the human condition. While a number of
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mechanical, anatomical and physiological factors may account for a less humanlike pattern
displayed by P. robustus compared to A. afarensis (e.g., actual differences in gait mechanics
related to non-fully overlapping ranges of locomotor performances, differences in relative
muscular development and attachment areas at the hip joint, age- and/or sex-related differences
in body size and shape among the few individuals investigated so far, the influence of hormones
on bone growth and maintenance), it should be acknowledged that current evidence, particularly
from Australopithecus, remains extremely scanty.

Paranthropus robustus shows a human-like trend of lateral-to-medial asymmetry decrease
of the superior/inferior cortical thickness ratio from the base of neck to the head-neck junction,
while this pattern is uniquely reversed in chimpanzees. Here, the only likely female P. robustus
specimen available for measurements at the base of neck and mid-neck (SK 3121) shows
absolutely thinner cortices compared to the likely males (SK 82, SK 97 and SWT1/LB-2).
However, as also recorded at other sites of the postcranial skeleton (e.g., Ruff et al., 1999;
Bleuze, 2010; Dominguez-Rodrigo et al., 2013; Dowdeswell et al., 2016; Cazenave et al.,
2017b, 2019), cortical bone at the femoral neck is globally thicker in P. robustus than in
humans, the small Pan troglodytes sample used in this study revealing intermediate values
across the entire compartment, or cortices locally as thick as in P. robustus.

Differently from the uniquely derived hominin pattern of superior/inferior cortical
asymmetry, previous XCT-based observations performed by Ohman et al. (1997) suggest that
humans and African apes share a rather uniform cortical bone thickness distribution between
the anterior and posterior walls of the femoral neck in association to a pattern of slight lateral-
to-medial thinning. Our 2D (Fig. 6) and 3D (Fig. 7) analyses confirm that cortical asymmetry
is absent in the extant human and poorly expressed/absent also in chimpanzees. However, they
also show a previously unreported morphology: while sharing with both humans and

chimpanzees a tendency towards a lateral-to-medial decrease in average cortical thickness
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across both walls, two P. robustus specimens (SK 82 and SK 97) reveal a relatively thicker
anterior wall, especially within the lateral and central portions of the femoral neck (Figs. 6 and
7). Due to incomplete preservation, no reliable information is available for the entire posterior
wall of SWT1/LB-2. Nonetheless, we note that this specimen possesses the absolutely thickest
anterior cortex recorded in the present study (Table 2; Fig. 6¢).

Following Ruff and Higgins (2013), the condition of variably less asymmetric cortices in the
australopith femoral neck compared to humans points to a relative increase in superoinferior
bending of the neck likely associated with a greater lateral displacement of the body center of
gravity over the stance limb during the support phase of gait. This condition engenders a more
vertical hip joint reaction force and bending increase relative to the neck axial loadings (Ruff
and Higgins, 2013). Such loading conditions are compatible with a superoinferior, not an
anteroposterior, expansion of the femoral neck, which is a typical australopith feature.
Accordingly, it is likely that in australopiths “anterior and posterior strains decline under a more
vertical loading configuration” (Ruff and Higgins, 2013:521). The thicker anterior wall detected
in at least two P. robustus representatives lacking in humans and absent/poorly expressed in
African apes (Ohman et al., 1997, and present results on Pan troglodytes), could precisely result
from the unique australopith architecture combining a longer, superoinferiorly expanded and
anteroposteriorly relatively compressed femoral neck. In terms of quadrant proportions,
compared to the extant human pattern, the australopith neck conformation implies
mediolaterally extended but absolutely narrower superior and inferior bone surfaces, a greater
portion of compressive loads being thus absorbed through anterior cortex thickening. If so, it is
expected that the structural neck conformation in Australopithecus resembles that of P. robustus
in the degree of anterior vs. posterior wall thickness asymmetry more closely than measured in
extant humans and chimpanzees. Alternatively, whenever the inner organization of

Australopithecus is closer to the human pattern, or even reveals another configuration, it would
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imply different hip joint loading conditions in the two extinct hominins likely resulting from

non-fully overlapping locomotor modes.

S. Conclusions

Cortical bone distribution quantitatively assessed along the entire femoral neck compartment
revealed a number of features uniquely distinguishing P. robustus with respect to extant humans
and chimpanzees and, at least for the degree of asymmetry in cortex thickness measured
between the superior and inferior margins, also to A. afarensis, which seems to more closely
approach the human condition for this ratio. With respect to previous studies of the hominin
proximal femoral end, our analyses show that, in addition to absolutely thick cortices, P.
robustus displays a pattern combining relatively thicker anterior and thinner posterior walls
across the entire neck, while cortex asymmetry between these two walls is hardly appreciable
in extant humans and is also faint in chimpanzees. So far, the condition characterizing
Australopithecus is unknown.

As suggested by previous research, Plio-Pleistocene hominins practiced different forms of
terrestrial bipedality (e.g., Stern, 2000; Ward, 2002, 2013; Lovejoy et al., 2009; Haile-Selassie
et al., 2012; Barak et al., 2013; DeSilva et al., 2012, 2013; Harcourt-Smith, 2016; Ruff et al.,
2016, 2018; Zeininger et al., 2016), likely implying slightly different gait kinematics (Komza
and Skinner, 2019). Evidence for some variations between A. africanus and Paranthropus has
been provided by the study of the trabecular architecture of the hip bone (Macchiarelli et al.,
1999) and of the talus (Su and Carlson, 2017), while no textural differences have been found
between the two taxa at the femoral head (Ryan et al., 2018). Based on the results of the present
study, we predict that a refined comparative assessment of the australopith inner structural
organization of the femoral neck (Ruff et al., 2016; Ryan et al., 2018) has the potential to reveal

gait-related subtle differences possibly distinguishing Australopithecus and Paranthropus. In
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this perspective, it will be essential to preliminarily characterize and compare for possible
topographic differences the cortical bone distribution patterns at the femoral neck in Pan

troglodytes and Pan paniscus.
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Captions to the figures

Figure 1. The four proximal femora of Paranthropus robustus from Swartkrans considered in

this study. All specimens shown in anterior view.

Figure 2. uXCT-based virtual rendering in semitransparency of four proximal femora in
anterior view of Paranthropus robustus from Swartkrans (SK 82, SK 97, SK 3121, and
SWTI1/LB-2) and of an extant human and chimpanzee representatives with location of base of
neck (a) and mid-neck (b) slices used to measure cortical thickness (cf. Ruff and Higgins,

2013:Fig. 3). Note that only the mid-neck section has been considered in SK 3121.

Figure 3. Examples of cortical bone thickness measurements assessed on a virtual slice
perpendicular to the longitudinal axis of the femoral neck of SK 82: a) most superior (L.1) and
most inferior (L2) limits of the periosteal perimeter and corresponding superoinferior and
anteroposterior orthogonal axes; b) orthogonal axes set at 45° with respect to the superoinferior
axis delimiting the superior (S), inferior (I), anterior (A) and posterior (P) quadrants; c¢) cortical
bone thicknesses measured between each pixel of the outer (periosteal) contour of the neck

section and the smallest distance to the endosteal contour.

Figure 4. uXCT-based virtual sections perpendicular to the longitudinal neck axis and their
associated cortical binary masks taken at the base of neck (upper) and at mid-neck (lower) in
four Paranthropus robustus specimens from Swartkrans (SK 82, SK 97, SK 3121, and
SWTI1/LB-2) and in an extant human and chimpanzee representatives. Note that only the mid-

neck section has been considered in SK 3121.
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Figure 5. Lateral-to-medial variation from the base of neck (0%) to the head-neck junction
(100%) of the S/I ratio between the superior (S) and inferior (I) cortical thicknesses in: a)
Paranthropus robustus (SK 82: solid line; SK 97: dotted line); b) extant humans (n = 25); ¢)
chimpanzees (n = 8). In extant humans and chimpanzee, the mean (central line) + 1 SD are

provided.

Figure 6. Lateral-to-medial variation from the base of neck (0%) to the head-neck junction
(100%) of the mean cortical thickness (in mm) distinctly assessed for the anterior (solid lines)
and posterior (dotted lines) quadrants (cf. Fig. 3) of the femoral neck in: a) SK 82; b) SK 97; ¢)
SWTI1/LB-2 (anterior quadrant only); d, e) extant humans (n = 25) anterior (d) and posterior (e)
walls; f, g) chimpanzee (n = 8) anterior (f) and posterior (g) walls. In extant humans and

chimpanzees, the mean (central line) = 1 SD are provided.

Figure 7. uXCT-based morphometric map of the virtually unzipped, unrolled and projected
cortical bone thickness of the Paranthropus robustus SK 82 femoral neck from the base of neck
(bottom Y-axis) to the head-neck junction (top Y-axis) compared to the consensus cartographies
generated for the extant human (n = 25) and chimpanzee (n = 8) samples. Relative thickness is
rendered by a pseudocolor scale increasing from dark blue (0, thinner) to red (1, thicker).
Abbreviations: ant. = anterior quadrant; inf. = inferior quadrant; post. = posterior quadrant; sup.

= superior quadrant.
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Table 1

Cortical bone thickness (in mm) of the superior (S) and inferior (I) cortices and S/I ratios assessed at the base of neck and at mid-neck, and mean
cortical thickness (in mm) and S/I ratios assessed for the entire superior and inferior neck quadrants in Paranthropus robustus from Swartkrans
(SK 82, SK 97, SK 3121 and SWTI1/LB-2) and in a comparative sample of extant humans (n = 25; SD within parentheses) and Pan troglodytes (n
= 8; SD within parentheses). For the linear measures, the values available for the Australopithecus afarensis A.L. 288-1 femoral neck are also

shown. Italics indicates XCT-based measures; all remaining values are uXCT-based data from the present study.

Cortical thickness Mean cortical thickness
Base of neck Mid-neck Base of neck Mid-neck
Specimen Taxon Superior Inferior S/1 Superior Inferior S/1 Superior Inferior S/1 Superior Inferior S/1
SK 82 P. robustus 2.59-1.93*  3.43-4.09% 0.76-047* 242-3.00* 2.80-2.86* 0.86-1.05* 2.20 2.84 0.78 2.32 241 0.96
SK 97 P. robustus 230-1.18* 3.37-2.83* 0.68-0.42* 281-1.50* 2.94-2.20* 0.96-0.68* 1.83 3.05 0.60 2.18 2.87 0.76
SK 3121 P. robustus 1.80 2.50 0.71 1.76 2.64 0.67
SWTI1/LB-2 P. robustus 1.99 2.82 2.45 2.54

extant humans 1.21(0.52) 3.42(1.12) 0.37(0.13) 1.11(0.49) 2.48(0.68) 0.48(0.17) 1.02(0.30) 2.58(0.83) 0.46(0.23) 0.96 (0.35) 1.99 (0.52) 0.50 (0.15)
Pan troglodytes  2.86 (1.18)  2.75(0.42) 1.02(0.32) 1.62(0.42) 2.50(0.52) 0.66(0.13) 2.40(0.55) 2.57(0.33) 0.93(0.12) 1.75(0.35) 2.38(0.46) 0.74 (0.07)

A.L.288-1° A. afarensis 1.20 3.50 0.34 1.50 2.60 0.58

* Ruff and Higgins (2013).

® Ruff (2018, pers. comm.; see also Ruff et al., 2016:Fig. 7).



Table 2

Mean cortical bone thickness (in mm) assessed for the entire anterior (A) and posterior (P) quadrants at the base of neck and at mid-neck in

Paranthropus robustus from Swartkrans (SK 82, SK 97 and SWT1/LB-2) and in a comparative sample of extant humans (7 = 25; min-max values

within parentheses) and Pan troglodytes (n = 8; min-max values within parentheses).

Base of neck Mid-neck
Anterior Posterior Anterior Posterior
SK 82 P. robustus 2.68 2.13 2.34 1.82
SK 97 P. robustus 2.59 2.11 2.55 1.93
SWTI1/LB-2 P. robustus 2.90 2.55
extant humans 1.39 (0.64-2.18) 1.32 (0.68-2.00) 1.31 (0.60-1.99) 1.24 (0.61-1.81)

Pan troglodytes 2.28 (1.87-2.67) 2.08 (1.63-2.61) 2.14 (1.72-2.51) 1.84 (1.26-2.39)






