N

N

The SKX 1084 hominin patella from Swartkrans
Member 2, South Africa: An integrated analysis of its
outer morphology and inner structure
Marine Cazenave, Anna Oettlé, John Francis Thackeray, Masato
Nakatsukasa, Frikkie de Beer, Jakobus Hoffman, Roberto Macchiarelli

» To cite this version:

Marine Cazenave, Anna Oettlé, John Francis Thackeray, Masato Nakatsukasa, Frikkie de Beer, et
al.. The SKX 1084 hominin patella from Swartkrans Member 2, South Africa: An integrated analysis
of its outer morphology and inner structure. Comptes Rendus. Palevol, 2019, 18 (2), pp.223-235.
10.1016/j.crpv.2018.06.002 . hal-02265386

HAL Id: hal-02265386
https://hal.science/hal-02265386v1
Submitted on 22 Oct 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License


https://hal.science/hal-02265386v1
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Version of Record: https://www.sciencedirect.com/science/article/pii/S1631068318301052
Manuscript_8b33d503735ecce2dd66ad9fee39fcOb

The SKX 1084 hominin patella from Swartkrans Member 2, South Africa: An

integrated analysis of its outer morphology and inner structure

La patelle hominine SKX 1084 du Membre 2 de Swartkrans en Afrique du Sud:

analyse intégrée de sa morphologie externe et de sa structure interne

Marine Cazenave,* Anna Oettl@® John Francis Thackerg\Masato Nakatsuka$drrikkie

de Beet Jakobus HoffmdnRoberto Macchiarefi"

& Department of Anatomy, University of Pretoria, Pretoria, South Africa

b Computer-assisted Palaeoanthropology Team, UMR 5288 CNRS-Université Paul Sabatier,
Toulouse, France

¢ Department of Anatomy and Histology, Sefako Makgatho Health Sciences University, Ga-
Rankuwa, Pretoria, South Africa

d Evolutionary Studies Institute and School of Geosciences, University of the Witwatersrand,
Johannesburg, South Africa

¢ Laboratory of Physical Anthropology, Department of Zoology, Graduate School of
Science, Kyoto University, Kyoto, Japan

" South African Nuclear Energy Corporation, Pelindaba, South Africa

9 UMR 7194 CNRS-Muséum national d'Histoire naturelle, Musée de I'Homme, Paris,
France

" Unité de Formation Géosciences, Université de Poitiers, Poitiers, France

* Corresponding author. Computer-assisted Palaeoanthropology Team, UMR 5288 CNRS-
Université Paul Sabatier, Toulouse, France.

E-mail addressmarine.cazenave4@gmail.com (M. Cazenave)

© 2018 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/


http://www.elsevier.com/open-access/userlicense/1.0/
https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S1631068318301052
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S1631068318301052

ABSTRACT

SKX 1084 is an isolated partial patella from Sweatls Member 2, South Africa, attributed to
a small-bodiedParanthropus robustusThis study provides complementary informatioriten
outer conformation and, for the first time for as$d hominin patella, documents its inner
structure in the perspective of adding biomechdlyicalated evidence to clarify its identity.
We used X-ray micro-tomography to investigate SKB84 and to extract homologous
information from a sample of 12 recent human, oearderthal, and two aduan patellae.
We used geometric morphometrics to compare ther @agfeatorial contours. In SKX 1084,
we identified two cancellous bony spots suitable textural assessment (trabecular bone
volume fraction, trabecular thickness, degree adaropy) and two related virtual slices for
measuring the maximum cortico-trabecular thickn@sT) of the articular surface. SKX
1084 shows a more complex articular shape tharféh&an but still simpler than typical in
Homo sapiensAt all sites, its CTT is thinner comparedRan and approaches the condition
in humans. This is also true for the expanded velaithe cancellous network. However, at
both investigated spots, SKX 1084 is systematidaligrmediate betweedomoandPan for
trabecular bone volume fraction and trabeculaiktiess, a pattern already shown in previous
analyses on othdparanthropuspostcranial remains. In the absence of any strakcgignal
from patellae unambiguously samplif@ranthropus as well as of comparable evidence
extracted from specimens representing edidyng our results do not allow rejection of the
original taxonomic attribution of SKX 1084.

RESUME

SKX 1084 est une patelle isolée incompléte du Menibde Swartkrans, en Afrique du Sud,
attribuée a un individParanthropusrobustusde petite taille. La présente étude apporte des
informations complémentaires sur sa conformatioleree. Elle dévoile également, pour la
premiére fois chez un hominine fossile, des carstigues de sa structure interne permettant
d’extraire des informations biomécaniques pourifidarson identité. Nous avons utilisé la
microtomographie a rayons X pour étudier SKX 1084 estraire des informations
homologues & partir d'un échantillon composé de paflles humaines récentes, un
Néanderthalien et deux chimpanzés et appliqué kpmoonétrie géométrique pour comparer
leurs contours externes. Nous avons identifié dégions dans le tissu trabéculaire de SKX

1084 qui sont adaptées a I'évaluation texturalagjtie osseuse, épaisseur trabéculaire, degré



d'anisotropie) et nous avons extrait deux coupdselies pour mesurer I'épaisseur cortico-
trabéculaire maximale (CTT) de la surface articalaiSKX 1084 présente une forme
articulaire plus complexe que celle des chimpaneéss plus simple que celle dédomo
sapiens Son CTT est partout moins épais par rappd?aa et se rapproche de la condition
humaine. Ceci est également vrai pour le voluméajlalu réseau trabéculaire. Cependant,
pour les deux régions étudiées, SKX 1084 montre demesité osseuse et une épaisseur
trabéculaire intermédiaire entrflomoetPan une tendance déja observée dans de précédentes
analyses d'autres restes post-cranienBatanthropus En I'absence de toute information du
signal structural d'autres patelles Blaranthropus ainsi que d’éléments comparables issues
des premiers représentants du geHi@ng nos résultats ne permettent pas de rejeter
I'attribution taxonomique originale de SKX 1084.

Keywords Fossil hominins, knee joint, cortical bone, cdlmees network, X-ray micro-
tomography

Mots clés:Hominines fossiles, articulation du genou, os catfiréseau trabéculaire, micro-
tomographie a rayons X



1. Introduction

The discovery of isolated fragmentary hominin remairom the axial and appendicular
skeleton in the Plio-Pleistocene South African cdeeosits is a rather frequent occurrence
which complicates the task of confidently assessidigersity in contexts where
AustralopithecusParanthropusand earlyHomo may have co-existed (Berger et al., 2010;
Braga et al.,, 2016; Cazenave et al., 20&7ine and Susman, 1991; Keyser et al., 2000;
Lague, 2015; McHenry, 1975; McHenry et al., 20070ddi-Cecchi et al., 2010; Schwartz
and Tattersall, 2003; Susman and Brain, 1988; Snsand de Ruiter, 2004; Susman et al.,
2001). An example of such difficulties is represehby the specimen SKX 1084, an isolated
partial patellar bone from Swartkrans Member 2 camiy attributed to a small-bodigd
robustusindividual (Susman, 1988, 1989). However, thenested chronology of Swartkrans
Member 2 (1.36-1.1 Ma) (Balter et al., 2008; De|sb®B88; Gibbon et al., 2014; Herries et al.,
2009; Vrba, 1975) is also compatible with the pnesein the area of representatives of the
genusHomq whose percentage in the Swartkrans Members I¥8riio assemblage has been
estimated to 9% (Pickering et al., 2012).

Rare Pliocene-Early Pleistocene hominin patell@&cspens are usually reported for their
size and outer gross morphology (e.g., Alemsegedl ,2006; Carretero et al., 1999; DeSilva
et al., 2013; Harrison and Kweka, 2011; Lordkipamiat al., 2007; Martin-Francés et al.,
2016). However, given the topographic context @f tlominin knee joint (Aiello and Dean,
1990; Lovejoy, 2007) and the documented abilitppofe tissues to adjust structurally to the
loading environments (e.g., Carlson and Marchi,4&20@osman et al., 2011; Kivell, 2016;
Lieberman et al., 2004; Pearson and Lieberman, ;2R0# et al., 2006; Wallace et al., 2012),
the so far unexplored combined signals from theramd the inner patellar structure have the
potential to provide subtle functionally-relatedommation. Indeed, the differences between
the human and ape knee joint configurations areqdaa suite of traits intimately related to
habitual postural and locomotion modes (e.g., Aielhd Dean, 1990; Frelat et al., 2017,
Lovejoy, 2007; Mazurier et al., 2010; Sylvester120Tardieu, 1999; Zipfel and Berger,
2009). With regard to the patella, such differendesot only concern its outer proportions
and shape and the extension and insertion topografpthe quadriceps complex (smaller in
the latter, where flexion prevails) and of the uasiedialis (which in apes does not insert
onto its extreme medial edge) (Aiello and Dean,019%vejoy, 2007; Mariani et al., 1978;
Masouros et al., 2010; Standring, 2008; Taylorlet2®04), but should also be expressed in

terms of regional variation of the patellar subdirah bone thickness and structural



arrangement of the underlying cancellous netwook (fie human patella, see Katoh et al.,
1996; Raux et al., 1975; Toumi et al., 2012; Towhial., 2006; Townsend et al., 1975;
Townsend et al., 1977).

Following Kivell, (2016: 587), “variation in trabatar structure is our best source of
morphological information that is preserved in tbssil record, particularly when analysed in
conjunction with cortical bone, for reconstructiagtual, rather than potential, behaviours in
fossil hominoids and hominins”. However, while theter aspect of SKX 1084 has been the
object of description and comparative morpholog&aalysis (Ramirez and Pontzer, 2015;
Susman, 1988, 1989; Susman et al., 2001), its irgterctural organization remains
unreported (Cazenave et al., 2016).

By assuming that the patella bears a functionalgted signal and that tiRaranthropus
inner structural signature should be somehow disfrom the human one (for the proximal
femur, for example, see Chirchir et al., 2015; Rgaal., 2018), in this exploratory study we
use imaging techniques applied to an X-ray micraggraphic record of SKX 1084 (i) to
integrate and comparatively assess its outer covation and (ii) to detail and preliminarily
compare its inner characteristics to homologoudufea extracted from a recent human
sample, a Neanderthal individual and t®an representatives. Given the current lack of
similar combined information extracted from thegbar bone of any pre-modern human and
extant and fossil non-human hominid, the preserlogatory study represents a first
gualitative and quantitative three-dimensional (8npse useful for the future assessment

of isolated hominin patellar remains.

2. Materialsand methods

2.1. Materials

SKX 1084 represents the superior two-thirds of adistorted, relatively well-preserved
while incomplete left patella (Fig. 1). Its oss#ton, general morphology and degree of
development of some longitudinal markings on it¢edar surface (likely related to the
guadriceps tendon) indicate it comes from an additvidual, even if surface rugosity may
have been locally accentuated by mineral matrisaligion. The specimen preserves the
entire base, which slopes antero-inferiorly fronmibd; however, its cortical shell is chipped
all along the superior posterior margin, approxghatat the insertion of the vastus

intermedius tendon, thus revealing an underlyirapdcular network partially filled by



sediment. The lateral border is nearly intact, thet specimen lacks the apex and almost
entirely its medial border, uniquely representeditisyuppermost portion. Posteriorly, the
articular portion which contacts the lateral liptbé femoral trochlea is virtually intact. As a
whole, this specimen shows an only modest degremioéralization. While its maximum
height cannot be assessed, SKX 1084 has a medmallareadth of 30.2 mm (Susman, 1989)
and an antero-posterior thickness near its cemtt8.6 mm (original measure).

SKX 1084 was previously curated at the Ditsong dval Museum of Natural History,
Pretoria. Since 2016 the specimen has been ingebmto the fossil hominin collections of
the Evolutionary Studies Institute at the Universit the Witwatersrand, Johannesburg.

The comparative material used in this study cossidt human and chimpanzee adult
patellae, all lacking macroscopic evidence of atien or pathological change. The recent
human specimens come from six individuals of Afnieancestry (4 males and 2 females aged
24-29 years) selected from the Pretoria Bone Cidle@t the Department of Anatomy of the
University of Pretoria (L'Abbé et al., 2005), andrh six individuals (2 likely males and 4
likely females whose estimated age at death rabgéseen 30 and 50 years) from the
Imperial Roman graveyard of Velia, Italy, storedreg National Prehistoric Museum of Rome
(rev. in Beauchesne and Agarwal, 2017). The fdssihan representative is the perfectly
preserved left patella from the OIS 4 Neanderttatial skeleton Regourdou 1, from the
homologous rock shelter in Dordogne, France, statdtie Musée d'Art et d'Archéologie du
Périgord, Périgueux (Bayle et al., 2011; Maureditteal., 2015). We also studied two female
chimpanzee patellae from the Mahale skeletal cidlestored at the Japan Monkey Centre of

Inuyama, Japan.

2.2. Methods

All specimens were imaged by X-ray micro-tomograpBi{(X 1084 was scanned in 2015
at the South African Nuclear Energy Corporationdd#, Pelindaba, using a Nikon XTH 225
ST equipment with an isotropic voxel size of 16r@.I'he human patellae from the Pretoria
Bone Collection were also recorded at Necsa, ir62@ith an isotropic voxel size ranging
from 24.0 um to 29.Qum, while the archaeological specimens from Veliaengcanned in
2012 at the Multidisciplinary Laboratory of the émbational Centre for Theoretical Physics
(ICTP) of Trieste, Italy (Tuniz et al., 2013), at isotropic voxel size ranging from 26.5 pm to
33.1um. The Neanderthal Regourdou 1 was imaged in 2908RyuCT at the beamline 1D

17 of the European Synchrotron Radiation FacilBSRF) of Grenoble, France, at an



isotropic spatial resolution of 45.5 um (Bayle &t 2011). Finally, the two chimpanzee
patellae were recorded in 2017 at the Laboratoltyfsical Anthropology, Kyoto University,
using a ScanXmate A080s (Comscan co.) equipmehtamtisotropic voxel size of 48.5 um.
Following acquisition, a virtual transformation eéch dataset was necessary to coherently
orient the specimens by using Avizo© v.8.0.0. (\di&ation Sciences Group Inc.).

The articular (posterior) surface of the patellasents distinct differences in extant and
extinct hominids (Aiello and Dean, 1990; Lovejoy0Z; Masouros et al., 2010; Pina et al.,
2014; Pritchard, 1980; Standring, 2008; Ward et E95; for a review, see Pina, 2016).
Accordingly, before detailing its inner structurvee virtually extracted the transverse section
of SKX 1084 at its maximum medio-lateral breadtll gerformed a comparative geometric
morphometric (GM) analysis of its unsmoothed owguatorial contour with respect to the
outlines extracted from the comparative materiadus this study. However, because of local
bony discontinuities on the anterior surface of Bmuth African specimen (Fig. 1), the
anterior portion of its cross-section was recorcséd by two independent observers by using
the preserved contours of the antero-lateral andiaheegions as a guide. Accordingly, three
outer outlines of SKX 1084 displaying an increasohegree of anterior convexity were
generated (see Supporting information, Fig. S1)e@ch virtually reconstructed outline (a to
c), 100 semilandmarks were placed following thdiseal contour using the B-spline module
in Avizo© v.8.0.0. Using the package Morpho v.2.%Schlager, 2017) for R v.3.4.0 (R
Development Core Team, 2018), a generalized Prmsumnalysis (GPA) and a weighted
between-group principal component analysis (bgP@&ped on the Procrustes shape
residuals (Mitteroecker and Bookstein, 2011) wdrent performed to compare the three
reconstructed versions of SKX 1084 and the humahcahimpanzee shapes. Allometry was
tested on the landmark-based analyses using thificee® of determination (B of a
multiple regression (Bookstein, 1991), in which thelicative variable is the centroid size
and the dependent variables are the bgPC scoréeiddicker et al., 2013).

Relatively well preserved cancellous network spotSKX 1084 were found in the central
and medial posterior areas; however, the amourteofented matrix infill permeating the
network increased towards its outer surface, eafpgdaterally and anteriorly. Accordingly,
we firstly identified in the inner central and madupper portion of SKX 1084 two cubic
volumes of interest (Ryan and Ketcham, 2002a,\WWQlaand bVOI, respectively, suitable for
textural properties assessment (Fig. 2). Both maddge length equal to 11% of the medio-
lateral breadth (i.e., 3.32 mm in SKX 1084, whichresponds to a volume of 36.6 MniThe

centre of aVOI was placed midway between 50% ofntieelio-lateral diameter and its most



distant point on the upper margin along an axip@edicular to the breadth. The bVOI was
positioned medially to the aVOlI, the distance bemvéhe two centres corresponding to 25%
of the medio-lateral diameter (i.e., 7.6 mm in SKO84). The same analytical protocol was
systematically applied to the specimens used fonpasison. In extant humans the VOIs
range in size from 70.2 mho 151.9 mmand from 13.8 mrhto 15.6 mm in Pan

At two sites of the articular surface topograpHice¢lated to the VOIs defined above, we
measured the maximum thickness of the cortico-trallae complex (CTC, in mm), i.e., the
subchondral component which includes the cortiballglamina) and the intimately related
adjoining portions of the supporting trabecularwak, which mostly consists of plate-like
structures (Supporting information, Fig. S2; Beduwatel., 2013; Mazurier, 2006; Mazurier et
al.,, 2006, 2010; Volpato, 2007). The maximum cori@becular thickness (CTT) was
measured by the routine MPSAKv2.9© (in Dean and Wd003) on two sagittal virtual
slices set perpendicular to the posterior faceaché/Ol and crossing their centre (Fig. 2). To
facilitate comparisons, in each specimen such nmmeagaCTT and bCTT) were standardized
with respect to the medio-lateral diameter of tleja. Unfortunately, in SKX 1084 we
could not similarly assess the anterior CTT, ashis specimen the cortical shell was not
preserved and some matrix infill obscured the baued.

The cubic VOIs were binarized into bone and nonebesing the "Half Maximum Height"
(HMH) quantitative iterative thresholding methodp{®r et al., 1993) and the region of
interest protocol (ROI-Tb; Fajardo et al., 2002)taking repeated measurements on different
slices of the virtual stack (Coleman and Colbe®0Q7) using Avizo© v.8.0.0. and ImageJ©
(Schneider et al., 2012). Because of local matrfitli segmentation of the specimen SKX
1084 required manual interventions. By using tlae wblume distribution (SVD) algorithm in
Quant3D®© (Ryan and Ketcham, 2002a, b), on eachallyt extracted VOI we measured the
following variables: (i) the trabecular bone volufngction (BV/TV, in %), given as the ratio
of the number of bone voxels to the total numbewafels; (ii) the trabecular thickness
(Tb.Th., in mm), which is the mean thickness of ttadecular struts; and (iii) the degree of
anisotropy (DA), a fabric characteristic of trablacubone assessed following Ryan and
Ketcham (2002a; see also Ryan and Walker, 2010y &imal Ryan, 2012) by dividing the
eigenvalue representing the relative magnitudehef primary material axe of the bone
structure {;) by the eigenvalue representing the relative ntagdeiof the tertiary material axe
of the bone structures).

For all variables, a number of intra- and intereer tests for accuracy run by three

independent observers revealed differences lesgual to 5%.



3. Results

For the medio-lateral breadth and the antero-piostehickness, SKX 1084 fits the
proportions shown by. floresiensis(Jungers et al., 2009) ardl sediba(DeSilva et al.,
2013), and also approaches those of the slighitkehH. naledi(Berger et al., 2015; Marchi
et al., 2017) and the slightly smaller male anddknthimpanzee patellae (Aiello and Dean,
1990; Pina, 2016; Pina et al., 2014; Pritchard,019®ard et al., 1995). Conversely, SKX
1084 is systematically smaller compared kb erectus (georgicu3 from Dmanisi
(Lordkipanidze et al. 2007; T. Jashawili, pers. oapH. antecessofCarretero et al., 2001),
the Neanderthals (Radv et al., 1988; Trinkaus, 1983; Vandermeersch, 188d; original
data), as well as to the extant human figures (Bialdand House, 2005; Dayal and Bidmos,
2005; Irampur et al., 2008; Kemkes-Grottenthal€03 Olateju et al., 2013; Yoo et al.,
2007) (Fig. 3 and Supporting information Table S1).

The bgPCA based on the Procrustes shape coordiohté® three reconstructed outer
outlines of the transverse section at the maximwediailateral breadth of SKX 1084 (a to c;
see Supporting information Fig. S1) are shown @ Eitogether with those of the human and
chimpanzee specimens. The first two componentsGligihd bgPC2) show no allometric
signal (R = 0.02) and no size-dependent shape variatiér ®01). In the analysis, the three
reconstructed equatorial profiles of the South &fn fossil patella cluster together and are
distinct from both the human and chimpanzee moggest. Specifically, by showing a
proportionally more ovoid outline, SKX 1084 and tia® Panused in this analysis fall in the
negative space of bgPC1l, whereas all human spesjmiecluding the Neanderthal
Regourdou 1, are mostly found in the positive speHdeyPC1 because of their more complex
articular shape showing concave articular facetd anconvexvertical ridge. The three
contours of SKX 1084 and the tviRan representatives were discriminated along bgPG2, th
fossil specimen exhibiting a more rounded shapepeoed to the flatter chimpanzee shape
(Fig. 4).

In terms of volume and spatial organization, thacedlous network preserved in SKX
1084 is globally closer to the human than to Blaa condition, even if in coronal view the
specimen from Swartkrans andan show a slightly more honeycomb-like, vacuolar
appearance of the cancelli in respect to the hupadiern (Fig. 5). Specifically, despite its
incompleteness, SKX 1084 shares with humans arlgnggportional volume of trabecular

bone compared téan a denser area at the supero-lateral margin ylikelated to the



attachment of the quadriceps), and a higher nurobegadially oriented trabeculae at the
medial and superior peripheral areas. In sagii@hya typically human vertically oriented
anterior bundle (Standring, 2008), also appreciablkeansversal view, is noticeable in SKX
1084 (where it is anyhow incompletely preserveeriairly), while Pan displays at all sites a
relatively and absolutely thicker cortical shelldamuch less expanded but denser spongy
bone.

For both relative (%) values of the maximum coribecular thickness (CTT) measured
at the central (aCTT) and medial (bCTT) spots effbsterior surface (Fig. 6), SKX 1084 fits
the recent human estimates and is distinct fromthleker Pan condition (Table 1). In this
context, the proportionally thinnest cortico-trabec complex was found at the bVOI of the
Regourdou 1 Neanderthal specimen.

As measured in both central and medial VOIs (T@BJeSKX 1084 shows a relative bone
volume fraction (BV/TV) intermediate between themtan and the chimpanzee estimates,
Pan being over twice denser than observed in all humpecimens used in this study,
including the Neanderthal representative. An inttiate position is again shown by SKX
1084 for the average trabecular thickness (Tb.Tdll)humans systematically displaying
thinner struts. For the degree of anisotropy (DAg South African fossil specimen closely
fits the modern human estimates for the central laWhile for the medial bVOI it is
intermediate between the higher human values andeheralized lower degree of anisotropy
displayed by the chimpanzee patella. Interestinfly, all variables considered here, the
Neanderthal specimen always falls within the extamhan range, which is not the case for
SKX 1084 but for the DA of the aVOI (Table 2).

4. Discussion

This exploratory study aimed at tentatively addomgviously unreported biomechanically-
related evidence to clarify the common allocatibthe SKX 1084 patella from Swartkrans to
the taxonParanthropus(e.g., Jungers, 1988; Marchi et al., 2017; McHedA891;Ramirez
and Pontzer, 20155usman, 1988, 1989, 2004; Susman and Brain, 1988n& and de
Ruiter, 2004; Susman et al., 20@ylvester et al., 2011). Besides the incompletegration
of this specimen and its limited amount of subctmahdnd cancellous bone spots preserved
for reliable quantitative assessment, the majoititigp factor in this study is the lack of
comparative information on the inner structuralasmgation characterizing any nonhuman

fossil hominin patella (including irustralopithecus and, of course, that of any specimen



confidently representing earbloma Nonetheless, we consider that some results atain
from the present analyses may deserve attentisimitar future studies.

Ramirez and Pontzer (2015) have suggested thdtgpsatenensions can be used in extant
primate and fossil hominin taxa as proxy for theyalogical cross-sectional area of the
quadriceps, the primary extensor of the knee (&®eRina et al., 2014; Trinkaus, 1983, and
the review in Pina, 2016). While the maximum heighbnot be measured in SKX 1084, its
medio-lateral breadth and antero-posterior thicknfis the dimensions of diminutivél.
floresiensisand ofA. sedibaand more closely approaches thosPafiandH. naledithan the
size of any other human patella reported so fae patellar antero-posterior thickness and
supero-inferior height (the latter unknown in SKR8%), but not the medio-lateral breadth,
appear to play a major role in the length of thieltgr tendon moment arm and in the lever
arm length associated with the quadriceps, respdgt{Pina, 2016; Pina et al., 2014; Ward et
al., 1995). Accordingly, whenever the conclusiopsRlamirez and Pontzer (2015) are correct,
the relatively small-sized fossil hominin pateltamsidered here, including SKX 1084 (Fig. 3
and Supporting information Table S1), should repmésaxa having experienced a limited
home range size compared to that expectedHfumo (Anton, 2013; Antdn et al., 2014;
Ramirez and Pontzer, 2015).

Comparative research on structural anatomy anditurad morphology supports the view
that the mammalian knee is an especially complex jhovejoy, 2007: 326), including in
primates, where shape variation of the patellacudér surface plays a key functional role. In
humans, where the patella tends to have the thick#isular cartilage in the entire body
(Masouros et al., 2010; Standring, 2008), its senattedial facet contacts the antero-lateral
portion of the medial femoral condyle and the wildgeral facet contacts the anterior part of
the lateral condyle only in full flexion, while iextension the patellar-femoral contact is
limited to the lowest portions of both facets (&gli and Menchetti, 1995; Goodfellow et al.,
1976; Lovejoy, 2007; Pina, 2016). Compared to thdtifaceted human patella bearing
several distinctly angulated planes, a simplecaldr morphology is found iRan where the
posterior surface is relatively smooth and castssimilarly flatter trochlear surface (patellar
groove) of the distal femur (Aiello and Dean, 1986yejoy, 2007). With this respect, while
necessarily limited to the equatorial contour, @M-based shape analysis confirms such
distinction in articular complexity betweétomoandPanand also reveals that the SKX 1084
outline occupies a somehow intermediate morphospaaditional research work is needed
to relate such differences in the outer confornmataf the hominid patellar bone to

locomotion-related differences in knee joint kingicg



Especially when assessed in fossil remains, theriboundaries of the so-called cortico-
trabecular complex (CTC) are locally difficult tefthe (e.g., Mazurier, 2006; Mazurier et al.,
2006, 2010; Volpato, 2007; Supporting informatiéig. S2). Nonetheless, compared to the
human condition, the chimpanzee patella unambidu@m®ws at all sites a relatively thicker
and denser CTC, notably expressed by a distinbilskér anterior lamina which, in both
individuals used in this study, is about twofold teck as measured in our human
comparative sample (Supporting information, Fig.a8®8 Table S2). Interestingly, relatively
and absolutely higher values of cortico-trabectitackness inPan are also found at both
medial and lateral condyles of the tibial plateampared to the human condition (Mazurier,
2006; Mazurier et al., 2010). In the small-sizethgianzee patella, this greater proportional
amount of subchondral bone is associated to aiwvellatand absolutely reduced volume of
vacuolar spongy bone. To the contrary, the humadellpadisplays a proportionally thinner
shell and a relatively and absolutely higher voluafdocally more structured cancellous
bone, thus behaving as a kind of "sandwich" contrn combining high strength with
relatively low density (Dalstra and Huiskes, 198bjskes, 2000). As subchondral bone tends
to respond to loading of the complementary joinfase, while cancellous bone primarily
responds to forces traveling through the bonefif&l, 2011; Zeininger et al., 2011), the
gross structural solutions distinguishing the huraad chimpanzee patellae reflect two ways
of dealing with different patterns of mechanicalesses at the joint, those acting on the
human patella being greater medially and centthliyn laterally (Toumi et al., 2006, 2012).
With this respect, while cortico-trabecular thickeevariation across the anterior surface
cannot be assessed in SKX 1084, thickness meastitea sites beneath its articular surface
fits the human figures, as also does its propoxiospongy bone.

In terms of textural properties assessed at twaalbmus volumes of interest selected
because of the quality of their signal, our resudtoow that, apart from a relatively
honeycomb-like appearance and a slightly less tstreid medial aspect, the inner
organization of SKX 1084 more closely resembles tibenan than théan condition.
Whereas SKX 1084 displays a denser cancellous metamd relatively thicker struts than
measured in our recent human sample and in the déetdual representative, the South
African fossil specimen and humans are more graaiepared tdan

According to recent interpretations based on theparative analysis of the cancellous
network properties assessed in the femoral heaxtofct and extant hominids, humans and
australopiths share a higher degree of anisotriogiy typical in extant apes as response to the

more stereotypic loading conditions at the hip j@mposed by habitual bipedal locomotion



(Ryan et al.,, 2018). Similarly, the distinctly humike signal from at least the more
centrally-placed aVOI detected in this study in SK884, which is higher than measured in
Pan, is compatible with the model of a limited randgehabitual knee joint motion, i.e., with a
human-like gait kinematics. However, given the tedi number of cases investigated so far,
this hypothesis remains to be tested on more reptave hominid samples.

A number of studies having investigated the stmattdeatures in some postcranial
hominin remains show that, compared to the typichliman figures (e.g., Chirchir et al.,
2015, 2017; Ryan and Shaw, 201Baranthropuscommonly possesses a thicker cortex and a
denser, thicker and less anisotropic cancellousvor&t but also that its conformation is
globally closer to the human than to the ape pat{Bteuze, 2010; Cazenave et al., 2017;
Chirchir et al.,, 2015; DeSilva and Devlin, 2012; rbiaguez-Rodrigo et al., 2013;
Dowdeswell et al., 2016; Macchiarelli et al., 199001; Ruff and Higgins, 2013; Ruff et al.,
1999; Skinner et al., 2015; Su and Carlson, 20L%&t&l., 2013; Ryan et al., 2018). With this
respect, as the condition characterizing edlidynois still unknown, the endostructural signal
preserved in SKX 1084 is compatible with what igpented forParanthropus However,
depending on the investigated regions, more humsarchimpanzee-like textural features
have been observed at site-specific level in RattanthropusandAustralopithecug¢Barak et
al., 2013; DeSilva and Devlin, 2012; Macchiarelliad., 1999; Su, 2011; Su and Carlson,
2017; Su et al., 2013; Zeininger et al., 2016; Ryaal. 2018).

5. Conclusions

Patellar remains are rare in the hominin fossilordc In the comparative context
considered in this study, the coupled signals framat is preserved and suitable for analysis
of the outer morphology and inner structural areangnt of the Early Pleistocene patella
SKX 1084 from Swartkrans Member 2, South Africadigate that it belonged to an adult
small-bodied hominin (Susman, 1989) likely equipped exploiting a limited home range
size (Ramirez and Pontzer, 2015). Its habitualysestand locomotion-related charges at the
knee joint appear compatible with, but not fullyedapping the human condition as
represented by the Late Pleistocene and Holocempamative materials examined so far.
When compared to what is currently known on thecstiral bony characteristics of the
postcranial skeleton in fossil hominins, the indeatures assessed in SKX 1084 (i.e.,
thickness of the cortical shell and cancellous bexéural properties) globally fit the general

australopith pattern (cf. Ryan et al., 2018). Ie thbsence of any signal from patellae



unambiguously attributed ®aranthropus as well as of comparable evidence extracted from
specimens representing eaHypmo (the patella D3418 from Dmanisi; Lordkipanidzeaét
2007), the attribution of SKX 1084 to the tax®nrobustugSusman, 1988, 1989; Susman et

al., 2001) cannot be rejected, and still represemésmsonable assessment.
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Tables

Tablel

Maximum thickness of the cortico-trabecular comp{ex mm) standardized by the medio-
lateral breadth of the patella (% values) measftraed the articular surface in correspondence
of the central (aCTT) and medial (bCTT) volumesntérest (see Fig. 2) in SKX 1084, recent
humans (n = 12), a Neanderthal (Regourdou 1) RPam{n = 2); s.d., standard deviation.
Tableau 1

Epaisseur maximale du complexe cortico-trabécul@@re mm) standardisée par la largeur
médio-latérale de la patella (%) mesurée a pagtiladsurface articulaire en correspondance
avec les volumes d’intérét central (aCTT) et mé&TT) (voir Fig. 2) pour SKX 1084, les
humains récents (n = 12), un Néandertalien (Regoud) etPan (n = 2); s.d., déviation
standard.

specimens/samples aCTT (%) bCTT (%)
SKX 1084 9.6 7.2
recent humans 8.7 7.1
(s.d.) 1.4) @.7)
Neanderthal 8.0 4.6
Pan 12.4-12.7 9.3-10.8

Table2

Bone volume fraction (BV/TV, in %), trabecular tkiess (Tb.Th., in mm), and degree of
anisotropy (DA) of the central (aVOI) and medial/(®l) volumes of interest of the patella
(see Fig. 2) assessed in SKX 1084, recent humand ), a Neanderthal (Regourdou 1), and
Pan(n = 2); s.d., standard deviation.

Tableau 2

Volume osseux (BV/TV, en %), épaisseur trabécul@iteTh., en mm) et degré d’anisotropie
(DA) des volumes d'intérét central (aVOIl) et méd{@VOl) de la patella (voir Fig. 2)
mesurée pour SKX 1084, les humains récents (nst2lNéandertalien (Regourdou 1)R&n

(n = 2); s.d., déviation standard.

specimens/
samples aVvol bVOI
BV/TV (%) Tb.Th. (mm) DA  BV/TV (%) Tb.Th. (mm) DA
SKX 1084 40.4 0.20 3.83 38.6 0.19 2.73
recent humans 30.5 0.15 3.87 26.5 0.14 4,92
(s.d.) (6.5) (0.03) (1.46) (5.7) (0.03) (1.52)
Neanderthal 34.5 0.15 4.44 30.3 0.13 5.81
Pan 65.1-79.1 023027 273 678812 023024 88

2.87 1.94




Captionsto the Figures

Fig. 1. The left patella SKX 1084 from Swartkrans, Soufnida, in anterior (a) and posterior
(b) views. Scale bar, 10 mm.

Fig. 1. La patelle gauche SKX 1084 de Swartkrans, en A&idu Sud, en vues antérieure (a)
et postérieure (b). Barre d’échelle, 10 mm.

Fig. 2. 3D tomographic oblique posterior view of SKX 10®4semi-transparency showing
the position of the central (a) and medial (b) cumlumes of interest (VOI) extracted for
assessing cancellous bone properties and the tpaptaphically related slices (aCTC and
bCTC) sampling the cortico-trabecular complex ot thrticular surface. The virtual
reconstruction of the outer surface of the specirfreot to scale) is only provided for
orientation.

Fig. 2. Rendu 3D virtuel en vue postérieure oblique de SKO84 montrant par semi-
transparence la position des volumes cubiqueséd&n(VVOI) central (a) et médial (b) extraits
pour analyser les propriétés de I'os trabéculaires deux coupes topographiquement liées
(aCTT et bCTT) échantillonnant le complexe corticabéculaire de la surface articulaire. La
reconstruction virtuelle de la surface externe gécsnen (pas a I'échelle) est simplement
donnée pour orientation.

Fig. 3. Medio-lateral breadth and antero-posterior thislsnef SKX 1084 compared to those
of: Australopithecus sedib@eSilva et al., 2013}lomo erectus georgicysordkipanidze et
al. 2007; T. Jashawili, pers. comnt), antecesso(Carretero et al., 20015{. naledi(Berger

et al., 2015; Marchi et al., 201'H, floresiensigJungers et al., 2009), Neanderthals (n = 12;
pooled specimens from Krapina: Radigvet al., 1988 and original data; Regourdou 1, Tabun
1, La Ferassie 2, La Chapelle aux Saints, Spy #indérmeersch, 1981 and original data;
Shanidar: Trinkaus, 1983), recent humans (n = 6l@srend 60 females; Dayal and Bidmos,
2005), Pan (n = 14 males and 20 females; Pritchard, 1980).tRe Neanderthal, recent
human andPan samples, the average valtid s.d. is shown; in the human ahdn samples,
the dashed lines correspond to the female, thaintmus to the male estimates.

Fig. 3. Largeur médio-latérale et épaisseur antéro-pestéride SKX 1084 par rapport a
celles de: Australopithecus sedibgDeSilva et al.,, 2013),Homo erectus georgicus
(Lordkipanidze et al. 2007; T. Jashawili, comm.speH. antecessoCarretero et al., 2001),
H. naledi (Berger et al., 2015; Marchi et al., 201#, floresiensis(Jungers et al., 2009),
Néandertaliens (n = 12; spécimens de Krapina: Raél@t al., 1988 et données originales;
Regourdou 1, Tabun 1, La Ferassie 2, La Chapgte |ISVandermeersch, 1981 et données
originales; Shanidar: Trinkaus, 1983), humains mé&cdn = 60 hommes and 60 femmes;
Dayal and Bidmos, 2005Ran (n = 14 males and 20 femelles; Pritchard, 1980urRes
échantillons des Néandertaliens, des humains ®e¢mtes chimpanzés, la valeur moyesane
1 d.s. est donnée. Pour les humains et les chirdpafe ligne en pointillés correspond aux
estimations des femelles et celle en continue atimations des méles.

Fig. 4. Between-group principal component analysis (bgP@#&)the Procrustes shape

coordinates of the three reconstructions of theroattline of the transverse section across
the maximum medio-lateral breadth of SKX 1084 (ac)kh a Neanderthal (Regourdou 1),

recent humans (n = 12), aRan (n = 2).

Fig. 4. Analyse en composantes principales intergroupsé&aa partir des coordonnées

Procrustes de trois reconstructions du contourregtee la section transversale extraite au
niveau de la largeur médio-latérale maximale de SKO84 (a, b, c) comparées a un

Néandertalien (Regourdou 1), des humains récentsl@) etPan (n = 2).



Fig. 5. Coronal (a), parasagittal (b) and transversal/iftyal sections from 3D tomographic
view approximately across the centre of the paiall8KX 1084, a recent human (male, 26
years old), a Neanderthal (Regourdou 1), and aleeaampanzee (M09). Scale bars, 10 mm.
Fig. 5. Sections virtuelles coronale (a), parasagittajee{tiransversale (c) extraites a partir de
vues tomographiques 3D approximativement au ceatgria patelle SKX 1084, d’'un humain
récent (homme, 26 ans), d'un Néandertalien (Regaurt) et d'une femelle chimpanzé
(M09). Barre d’échelle, 10 mm.

Fig. 6. Transversal sections across the central (aVOIl) raadial (bVOI) 3D tomographic
volumes of interest of the patella (see Fig. 25KX 1084, a recent human (male, 26 years
old), a Neanderthal (Regourdou 1), and a femalenganzee (M09); in each section, the
dashed line delimits the cortico-trabecular comptegasured for its maximum thickness
(aCTT and bCTT, respectively) from the articularfgce. Scale bars, 5 mm.

Fig. 6. Sections transversales extraites au centre desnesl d'intéréts central (aVOIl) et
médial (bVOI) de la patelle (voir Fig. 2) de SKX84) d’un humain récent (homme, 26 ans),
d’'un Néandertalien (Regourdou 1) et d’'une femefienpanzé (M09). Pour chaque section la
ligne en pointillés délimite le complexe corticatteculaire mesuré pour son épaisseur
maximale (respectivement, aCTT et bCTT) au niveau la surface articulaire. Barre
d’échelle, 5 mm.
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