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3 20 Keywords

g 21 growth plate, metaphysis, hominoid, locomotor biomechanics, finite element model

6 22

7 23 Abstract

8 24 The distal femoral metaphyseal surface presents dramatically different morphologies in

9 25  juvenile extant hominoids — humans have relatively flat metaphyseal surfaces when compared to
10 26 the more complex metaphyseal surfaces of apes. It has long been speculated that these different
1 27  morphologies reflect different biomechanical demands placed on the growth plate during

:g 28  locomotor behavior, with the more complex metaphyseal surfaces of apes acting to protect the
14 29  growth plate during bent-kneed behaviors like climbing. To test this hypothesis, we built subject-
15 30 specific parametric finite element models from the surface scans of the femora of 5 Pan and 6

16 31  Homo juveniles. We then simulated the loading conditions of either a straight-legged walking or
17 32  abent-kneed climbing gait and measured the resulting stresses at the growth plate. When

18 33 subjected to the simulated climbing loading conditions, both maximum and mean von Mises

;g 34  stresses were significantly lower in the Pan models relative to the Homo models. Further, during
21 35 these loading conditions, von Mises stresses were strongly negatively correlated with ariaDNE, a
22 36  measure of complexity of the metaphyseal surface. These results indicate that metaphyseal

23 37  surface morphology has a robust effect on growth plate mechanics.

24 38

25 39  Introduction

;? 40 Locomotor biomechanics can have significant effects on skeletal morphology,

41  particularly during growth and development (1-3). In mammalian taxa, many bones — including
29 42  the femur — grow in length by depositing bone on the metaphyseal surface at the site of the

30 43  cartilaginous growth plate, pushing the epiphysis further out and increasing the bone’s length.

31 44 Skeletal maturity is reached when the epiphysis fuses to the metaphysis, ceasing longitudinal

32 45  growth and “erasing” the cartilaginous growth plate.

33 46 As juvenile bone, and the growth plate in particular, is relatively compliant (4), it is likely

gg 47  juvenile bone and the growth plate (and thereby, the metaphyseal and epiphyseal surfaces) may
36 48  have been targeted by natural selection to be especially influenced by locomotor biomechanics
37 49  (1).

38 50

39 51  Metaphyseal surface morphology and locomotion

40 52 The morphology of the distal femoral metaphyseal surface is highly variable across

4 53  juvenile mammals. Thomson (5) provided the first description of these differences, noting how
g 54  some mammals possessed relatively flat surfaces, while others possessed topographically

44 55  complex surfaces with bony projections and recesses. In all cases, the surface of the epiphysis
45 56  mirrored the surface of the metaphysis (Figure: 1). Thomson argued that the same physical laws
46 57  govern the functional requirements of juvenile and adult bones, and thus morphological variation
47 58 in metaphyseal and epiphyseal surfaces likely served a biomechanical function. He proposed

48 59 differences in morphology reflected differences in knee joint loads engendered by locomotory
42 60  kinematics. Specifically, he speculated that animals that engaged in more bent-knee gaits, like
g? 61  sheep and wolves, experience more shear forces at the growth plate during locomotion, and thus
5o 62  require a more complex metaphyseal surface with significant metaphyseal and epiphyseal

53 63  surface interdigitation to resist antero-posteriorly oriented forces and prevent the epiphysis from
54 64  slipping off. Conversely, animals that engaged in more straight-legged gaits, such as humans and
55

56

57

58

59

60 http://mc.manuscriptcentral.com/rsfs
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elephants, experience more compressive forces at the growth plate during locomotion, and there
is little need for bony structures to resist antero-posteriorly oriented shear forces.

Subsequent to Thomson’s 1902 work, there was very little discussion of metaphyseal surface
morphology in comparative anatomy until recently. Tardieu and Preuschoft (6) discovered that
extant hominoid distal femoral metaphyseal surfaces can vary dramatically, with juvenile
humans having relatively flat surfaces but juvenile apes having relatively complex surfaces (6,7)
(Figure: 2). Similar to Thomson, Preuschoft and Tardieu (7) reasoned that the more complex
metaphyseal surfaces of apes acted to protect their growth plates during bent-kneed behaviors
such as climbing. As Thomson did before them, Preuschoft and Tardieu believed that bent-kneed
behaviors would result in large shearing forces acting across the growth plate and thought that
the different “facets” present on the distal femoral metaphyseal surface of the femur were
situated to be roughly normal to joint reaction forces in different postures.

Stamos and Weaver (8) provided the first systematic survey of metaphyseal surface ontogeny
in hominoids. They examined how the distal femoral metaphyseal surface developed from the
fetal period until growth plate fusion in Pongo, Gorilla, Pan, and Homo. They found (1) all
hominoids are born with relatively flat distal femoral metaphyseal surfaces, (2) metaphyseal
morphology is correlated with locomotor mode in hominoids, and (3) intraspecific changes in
morphology cooccurred with ontogenetic locomotor changes. For instance, all hominoids are
born with relatively flat distal femoral metaphyseal surfaces, and only after the onset of
independent locomotion do surface morphologies diverge. Further, as locomotor behavior
continues to change through ontogeny, metaphyseal surface morphology appears to reflect these
changes. This is well demonstrated by Gorilla, which are primarily arboreal in the first two years
of life, after which they rather abruptly transition to nearly entirely terrestrial knuckle-walking
(9). Concurrent with this, Stamos and Weaver documented a clear shift from a more Pongo-like
“arboreal” morphology in young Gorilla individuals to a morphology unique to older, knuckle-
walking Gorilla individuals. The close relationship between form and function in the
metaphyseal surface is likely due to the developmental plasticity of the trait (8).

Biomechanics of the growth plate

As the metaphyseal and epiphyseal surfaces are formed by the growth plate, the
relationship between form and function only holds true if the growth plate differentially responds
to biomechanical loads. Several studies have discussed the relationship between metaphyseal
morphology and growth plate biomechanics. Firth and Hodge (10) noted how growth plate
injuries in the long bones of foals are more common at the proximal compared to the distal ends.
They further noted proximal ends tended to be flatter while the distal ends were more complex
and suggested that this increased incidence in proximal end injuries may be due to greater chance
of shear injury in flatter growth plates. While looking at juvenile humans, Tayton (11) argued
that the epiphyseal tubercle and its corresponding metaphyseal hollow act to lock the proximal
femoral epiphysis in place, preventing shearing injury of the growth plate. Similarly, Liu et al.
(12) reasoned that the reduction in relative height of epiphyseal tubercle with age in humans may
cause the higher incidences of slipped capital femoral epiphysis/slipped upper femoral epiphysis
(SCFE/SUFE) during adolescence.

Limited experimental work has been conducted investigating the relationship between
metaphyseal morphology and growth plate biomechanics. Williams et al. (13) performed ex vivo
experiments on bovine tibia to investigate how growth plate mechanics were influenced by form.
They found a strong relationship between growth plate inclination relative to loads and growth
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111 plate failure, and when loaded in uniaxial compression, bovine growth plates were more likely to
112 fail in areas of high inclination relative to the load vector. They concluded that this was likely
113 due to increased shear stress on the growth plate.

114 Several model-based approaches have investigated the relationship between growth plate
115  orientation or morphology and stresses. Smith (14,15) produced some of the earliest attempts at
9 116  this when he used the photoelastic method to demonstrate that growth plates tend to lie

10 117  perpendicular to principal stresses when bones are loaded, and argued that this orientation acts to
118  minimize shear stresses in the growth plate. More recent computational studies utilizing the finite
119  element (FE) method have confirmed the results of Smith’s earlier work. Fishkin et al (16)

14 120  utilized the FE method to show how metaphyseal surface orientation relative to joint loads

15 121 predicts growth plate failure in SCFE. Of relevance are two computational papers which

16 122  included variation in metaphyseal surface and growth plate topography. Gao et al. (17)

17123  developed FE models to measure the effects of metaphyseal surface topography on stress

18 124  distribution across the bovine proximal tibial growth plate under uniaxial compression. They

125  modeled flat, “n”, and “m” shaped growth plates and found that hydrostatic and octahedral shear
51 126  stress distributions did not vary much with growth plate shape, but concluded that this lack of

52 127  wvariation was likely due to modeling a small portion of the growth plate. Piszczatowski (18)

23 128  utilized simplified 2-dimensional geometrical FE models to explore the osteogenic

24 129 mechanotransducive interplay between biomechanical loadings and growth plate geometry. He
25 130 found that different load orientations and growth plate morphologies resulted in vastly different
26 131 distributions of stress within the growth plate.

132 In sum, previous studies indicate that variation in distal femoral metaphyseal surface

29 133 morphology has profound consequences in growth plate mechanics, and in particular, stresses.
30 134  However, no previous study has modeled the effects of metaphyseal morphology on growth plate
31 135  mechanics in a physiologically or ecologically relevant context.

oNOYTULT D WN =

32 136
33 137  This study
g;‘ 138 Here, we investigate the effects of metaphyseal morphology on growth plate stresses in

139  two hominoid genera with divergent locomotor behavioral repertoires using FE analysis (FEA).
37 140  FEA allows the calculation of stresses and strains for geometrically complex structures, such as
38 141  the metaphyseal surface, under complex loading conditions, such as those experienced during

39 142  locomotion (19).

40 143 We utilize parametric FE modeling to test the effect of a wide range of morphologies in a
H 144  controlled manner. Parametric FE models provide the user with the ability to (1) investigate the
145  effect of a wide range of morphologies on biomechanical performance, and (2) allow a single

4q 146 parameter to vary while all other variables are either held constant or allowed to co-vary with

45 147  that parameter. These models are ideal for querying morphospaces to test biological and

46 148  evolutionary hypotheses concerning the relationship between form and function. For example,
47 149  they have been used to investigate the biomechanics of cusp sharpness (20) and cranial

48 150  robusticity (21) in hominoids, enamel fracture in humans (22), skull shape in bats (23), and shell
4% 151 shape and strength (24) and locomotion in turtles (25).

152 Here, we construct a parametric model of the distal femur of a juvenile hominoid to test
5o 153 the relationship between metaphyseal surface morphology and growth plate stresses during

53 154  locomotion in humans (Homo) and chimpanzees and bonobos (Pan). These taxa are an ideal

54 155 clade to explore this relationship because despite their close phylogenetic relatedness they

55 156  engage in highly divergent locomotor behaviors.

60 http://mc.manuscriptcentral.com/rsfs
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Juvenile Homo are obligate bipeds, and maximum knee loads during upright, bipedal
walking are experienced at or near full extension, with a relatively low range of motion during
the stance phase (26). Conversely, juvenile Pan engages primarily in arboreal locomotion, with
climbing comprising 50-70% of their locomotor repertoire in the first two years of life (9,27).
This climbing is characterized by deep knee flexion with a large range of motion (28,29). We
hypothesize that during loading conditions simulating bent-knee climbing, growth plate stresses
will be lower in the Pan models with their more topographically complex metaphyseal surfaces
relative to the Homo models with their relatively flatter metaphyseal surfaces.

Materials and Methods
Sample

Our sample is composed of 11 individuals (Table: 1). Of the five Pan individuals, there are
two Pan troglodytes verus, one Pan troglodytes schweinfurthii, and two Pan paniscus. All Pan
specimens were wild collected. Of the six human individuals, two were from a 20™ century
industrialized Portuguese population and four were from a North American prehistoric hunter-
gatherer population. All the individuals in the sample had all their deciduous dentition in full
occlusion, with no eruption of the permanent first molars. This corresponds to Shea’s (30) Dental
Stage 2, and represents approximately one to three years of age for Pan, and two to six years of
age for humans (31). All specimens in the sample had well-preserved metaphyseal surfaces and
were free from obvious pathology or systemic diseases affecting the skeleton. Each specimen
was scanned using a NextEngine HD portable 3D laser surface scanner. Individual scans were
initially aligned in ScanStudio HD Pro, then exported as point clouds to Geomagic for outlier
point removal, further alignment, and wrapping into a 3D mesh.

Parametric finite element model

We created a parametric FE model of the distal end of a juvenile hominoid femur in ANSYS
APDL 19.1 (Figure: 3). In total, 31 parameters were used to describe the complex shape of the
metaphyseal surface. To construct a morphologically informed parametric model, values for 27
of these parameters were taken from orthographic projections of the 3D surface models to make
specimen-specific FE models of the distal femur for each individual in our sample. Two
additional parameters were defined relative to a subset of the 27 measurements. The final
parameters were defined using measurements of femoral shaft length (50% shaft length) and the
mediolateral diameter at 50% shaft length. As hominoid epiphyses are not fully ossified at this
developmental stage, 50% length was estimated from the metaphyseal surface. Because
cartilaginous growth plates are not preserved during skeletal preparation, and hominoid
epiphyses are not fully ossified at this developmental stage, we did not have 3D surface scans
from which we could model specimen-specific growth plates or epiphyses. Instead, we modeled
a 0.3mm thick growth plate to be congruent to the metaphyseal surface. Growth plate thickness
was derived from Sissons and Kember (32), who measured the growth plate of a 5 year old
human to be 0.5mm thick. As this measurement included the zone of calcified cartilage, which
makes up approximately 40% of the thickness of the growth plate and likely has material
properties closer to that of bone than cartilage, we chose to model the cartilaginous portion of the
growth plate as 0.3mm thick. We also created generalized Pan and Homo epiphyses from the
fully ossified epiphyses of older individual from our sample, and isometrically scaled this
epiphysis by the maximum width of the epiphyseal surface. The proximal end of the epiphysis
was modified for each specimen to mirror the distal metaphyseal surface and growth plate of that

http://mc.manuscriptcentral.com/rsfs
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1

2

z 203  specimen. This ensured that the growth plate was sandwiched fully between the distal

s 204  metaphyseal surface and proximal end of the distal epiphysis, as is the case in living juveniles.
6 205  Models were meshed with solid185 4-noded, tetrahedral elements. A mesh size of 2 growth

7 206  plate thickness (0.15 mm) was used for the growth plate, and 2* growth plate thickness

8 207 (0.6 mm) was used for the rest of the model (model size: ~750,000-1,000,000 elements). No

9 208  convergence test was run, as it would be impractical to increase mesh size due to computational
10 209 limitations.

1; 210 All materials were modeled as linearly elastic with isotropic, homogeneous material

13 211 properties (18,33). While juvenile bones and growth plates exhibit viscoelastic properties due to
14 212 increased collagen content, and thus are not linearly elastic, the assumption made in material

15 213 property model here is appropriate for comparative purposes. The growth plate is nearly

16 214  incompressible and was assigned mechanical properties following Piszczatowski (18,33)
17215 (E =6 MPa,v = 0.495). The epiphysis and distal end of the femoral shaft are primarily

18 216  trabecular bone with a thin cortical shell, and as such were assigned mechanical properties in line
217  with that of trabecular bone (E = 345 MPa, v = 0.3). The only portion of the model that was

51 218  cortical bone was the femoral shaft. Given the lack of data on juvenile Pan and Homo cortical
22 219  bone mechanical properties in the femur, and not wishing for artificial stress concentration to

23 220  occur due to C° continuity in mechanical properties between the femoral shaft and distal end of
24 221  the femoral shaft, we assigned the femoral shaft the same mechanical properties as trabecular

25 222 bone (E = 345 MPa,v = 0.3).

223 Each specimen’s model was assigned two sets of boundary conditions mimicking a straight-
28 224 legged “walking” gait, and a 90-degree flexed-knee “climbing” gait. Tibiofemoral and

29 225  patellofemoral joint reaction forces (JRF) were derived from human locomotor trials in

30 226  Trepczynski et al. (34) and represent the period of peak JRFs in each gait cycle. The “walking”
31 227  and “climbing” boundary conditions are obtained from the “walk” and “stair climb” trials,

32 228  respectively. Constraints were applied to the proximal end of the femur, preventing translation
33 229 and rotation in all directions and about all axes. A set of exterior nodes representing patellar and
230 tibial contacts were selected, JRFs were distributed evenly over these nodes. For walking, the

36 231  patellar contacts were approximated to be the top margin of the patellar trochlea (35), and the

37 232  tibial contacts were approximated to be the distal end of the epiphysis. For climbing, the patellar
38 233 contacts were approximated to be the anterior to intercondylar notch (35), and the tibial contacts
39 234  were approximated to be the posterior surface of the femoral condyles. Patellar loads were

40 235  applied roughly perpendicular to the surface of the model (36), while tibial loads were applied
236  perpendicular to the femoral shaft during climbing, and parallel to the femoral shaft during

43 237  walking. The magnitude of these forces was based on percent body mass (body weight, BW)

44 238  following Trepczynski et al. (34). For walking, maximum forces occur at 8° flexion

45 239  (tibial force (TF) =3.2 x BW, patellar force (PF) = 0.4 x BW). For climbing, maximum
46 240  forces occur at 90° flexion (TF = 3.7 * BW, PF = 2.7 * BW). Body mass was estimated to be 20
47 241 kg, based on the average weight (50 percentile) of a 5 year-old child in the United Kingdom.

jg 242 The primary metric we used to evaluate model performance was maximum von Mises stress
5o 243 inthe growth plate. Von Mises stress (or octahedral shear stress) is a scalar measure of the

51 244  magnitude of the distortional component of the multiaxial stress tensor. Because cartilage is

52 245 nearly incompressible due to its high proteoglycan and water content, hydrostatic compressive
53 246  stress is well tolerated. On the other hand, distortional stress must be resisted by tensile forces in
54 247  the collagen component of cartilage, and thus in a complex multiaxial load state cartilage failure
>5 248  is well-approximated by the von Mises stress metric (1). Biological materials like cartilage do
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not always fail due to peak stresses — cyclical loading of these materials at submaximal loads can
lead to accumulated fatigue and eventual failure. Therefore, we also looked at the effect of
metaphyseal morphology on mean von Mises stress (1). To exclude singularities due to boundary
conditions, free surfaces, or sharp angles in geometry, we disregarded the 2% elements by
volume with the highest stresses and report on 98% von Mises stresses.

To ensure comparability of performance metrics across specimens, stresses were scaled

following the formula
SA,

O'ZEO'A

Where o is the scaled stress, SA4 and o4 are the surface area and max or mean stress of the
model being scaled, and SAp is the surface area of the model all subsequent models are being
scaled to (37). Instead of scaling to the entire surface area of the model, we scaled relative to the
surface area of the metaphyseal surface of the growth plate. This ranged from
250.31 — 967.74 mm. We chose our reference model (model B) to be the largest individual in
our dataset (967.74 mm).

We quantified metaphyseal surface topography of the original 3D surface scan models in our
sample using a robustly implemented algorithm for Dirichlet energy of the normal (ariaDNE)
(38). Based on Dirichlet Normal Energy (DNE) (39), ariaDNE provides a metric of topographic
complexity by measuring how much a surface mesh deviates from a plane. Curvier surfaces have
higher normal energy values. Unlike the original DNE metric, ariaDNE can be tuned to be
sensitive to only surface details of the scale of interest to the researchers by changing the €
(bandwidth) parameter on a Gaussian kernel function. The current study used € = 0.10, as that
value was previously determined to best capture the larger-scale metaphyseal surface features of
interest in this study (8). For a more thorough discussion of the ariaDNE metric and its
application to metaphyseal surface morphology, see Stamos and Weaver (8).

We statistically modeled how maximum and mean von Mises stress at the growth plate
varied with taxon and loading condition with a generalized linear model implemented in R
software v. 3.5.2 (40) with the “Rethinking” package (41). We similarly modeled the relationship
between ariaDNE values and maximum and mean von Mises stresses in the walking and
climbing models.

Results

The maximum von Mises stress experienced at the growth plated varied significantly with
taxon and loading condition (Tables: 1, 2, and 3 and Figures: 4 and 5). Maximum von Mises
stresses at the growth plate were similar between the Homo-walk models (mean = 0.063 MPa;
95% CI =0.051, 0.075) and the Pan-walk models (mean = 0.074 MPa; 95% CI = 0.061, 0.087).
In contrast, the Pan-climb models had notably higher maximum von Mises stresses (mean =
0.119 MPa; 95% CI = 0.106, 0.132) than both genera’s walking models, while the Homo-climb
models had the highest maximum von Mises stress (mean = 0.178 MPa; 95% CI = 0.166, 0.190)
of any of the four genus and locomotor mode combinations.

Performance for mean von Mises stress was patterned similarly as maximum von Mises
stress. The Pan-walk (mean = 0.026 MPa; 95% CI = 0.020, 0.032) and Homo-walk (mean =
0.030 MPa; 95% CI = 0.024, 0.035) models had similar mean von Mises stresses across the
growth plate. The Pan-climb models had higher mean von Mises stresses (mean = 0.066 MPa;

http://mc.manuscriptcentral.com/rsfs
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293 95% CI=0.059, 0.072) than the walking models, and the Homo-climb models had the highest
294  mean von Mises stresses (mean = 0.114 MPa; 95% CI = 0.109, 0.120).

295 The relative performance of each taxon-locomotor mode model can be better appreciated
296 by looking at the ratio of stresses at the growth plate between different sets of models (Tables: 2
297  and 3). Most notably, maximum von Mises stresses were approximately 50% higher (mean =

9 298  1.496; 95% CI = 1.318, 1.698) in the Homo-climb models relative to the Pan-climb models. The
10 299  difference was even more stark for mean von Mises stresses, which were about 75% higher

1 300 (mean = 1.745,95% CI=1.570, 1.945) in the Homo-climb models relative to the Pan-climb

oNOYTULT D WN =

:g 301 models.
14 302 Metaphyseal surface topographic complexity, as quantified by the ariaDNE metric, was

15 303  strongly and consistently negatively correlated with both max and mean von Mises stress in the
16 304  climbing models (Figure: 6). The relationships between ariaDNE and von Mises stresses during
17305  walking are much more equivocal — the maximum a posteriori estimate for the mean effect of

18 306 ariaDNE on mean von Mises stress during walking is negative, however the 95% credibility

307 interval of that effect does include some positive coefficient values. Our analyses show that there
51 308 is no consistent relationship between ariaDNE and maximum von Mises stress during walking,
52 309  with the 95% credibility interval for the estimates of the coefficient describing the effect firmly
23 310 encompassing both negative and positive values.

24 311

25 312  Discussion

;? 313 The results of our study clearly indicate that growth plate mechanics are strongly

g 314 influenced by metaphyseal surface morphology and locomotor mode. Both maximum and mean

20 315 von Mises stress were consistently much higher during simulated climbing loads relative to

30 316  walking loads, regardless of metaphyseal surface morphology. However, the more

31 317  topographically complex Pan models experienced considerably lower maximum von Mises

32 318  stress during climbing than the Homo models. There was also a trend towards the Homo models
33 319  having lower maximum von Mises stress during walking relative to the Pan models, indicating

g;‘ 320 that perhaps the Homo metaphyseal surface is better suited to withstanding loads of a straight-
36 321 legged gait. However, the magnitude of this effect was not great, and did not reach the traditional

37 322 levels of statistical significance of p <0.05.

38 323 The relationship between both maximum and mean von Mises stress and ariaDNE during
39 324  climbing but not walking suggests the differences in biomechanical performance between the

40 325  Pan and Homo models is driven by differences in metaphyseal complexity. This relationship

41 326  supports Thompson 1902’s hypothesis, showing that metaphyseal shape is related to

327  biomechanical performance, and metaphyses with relatively flat surfaces were less efficient at

4a 328  resisting shear stresses during locomotion than those with relatively complex surfaces. Data from
45 329  Stamos and Weaver (8) suggests hominoids begin life with a relatively flat metaphyseal surface,
46 330  which only becomes more complex if adequate shear loads are applied to it. This data shows that
47 331  having a more complex surface reduces these loads. Together, results from these studies suggest
48 332  mammals with complex metaphyseal surfaces have undergone large levels of shear loading

4% 333 during their lifetime, and mammals with flat metaphyseal surfaces have not.

334 Although we focused on Homo and Pan in this study, these results have implications

5o 335  beyond these taxa, and even primates, and can be generally applied to any animal which utilized
53 336  growth plates and epiphyses to grow long bones. When combined with information on

54 337 locomotory kinematics, these data suggest metaphyseal morphology can be a powerful tool for
55 338 examining locomotory patterns in extinct animals and could be a vital tool for reconstructing
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locomotory shifts in fossil taxa, such as the shift from climbing to bipedalism in hominins or in
the shift from terrestrial to aquatic locomotion in aquatic and semi-aquatic mammals.

While results are promising, there are several limitations to the current study. We
modeled the hominoid distal femur with a simplified, geometrical representation lacking internal
geometry and the tissue mechanical properties and model loading conditions were simplified and
constant between individuals and taxa. Further, the models were not validated with data derived
from in vivo or in vitro experiments. However, we believe all these above assumptions are
appropriate for our study because we are interested in the effect of shape variation on growth
plate mechanics. By simplifying the model in this manner, we were able to hold all variables
other than the shape of the metaphyseal surface constant. This level of control would not have
been possible had we used nonparametric models of real biological specimens with varying
material properties.

Our boundary conditions were based on adult, and not juvenile, gait kinematics. Juvenile
gaits are highly variable, particularly in mediolateral forces (42,43). The absence of these forces
from our model would certainly affect the magnitude of the stresses in our growth plate but are
unlikely to significantly affect the results of our comparative analysis. The differences observed
between Pan and Homo were small when anteroposterior shear forces were small (i.e., walking)
but large when anteroposterior shear forces were large (i.e., climbing). The addition of another,
mediolateral shear force would likely cause even larger differences between our two groups.

Our study is also limited by the fact that our boundary conditions were derived from
human subjects performing walking and stair climbing gaits. These forces do not necessarily
accurately model hominoid climbing forces in all conditions. However, we believe that they are a
reasonable representation of how hominoid knees are loaded during straight-legged and bent-
kneed locomotor behaviours in some conditions. The data we used provide a degree of biological
realism in lieu of randomly selected forces. Had taxon-specific loading conditions been available
to us, we would not have utilized them in this study, as varying the loading conditions between
taxa would interfere with our ability to pinpoint differences in stresses due to metaphyseal
morphology.

We also only modeled a single point in the locomotor cycle of each behavior. We chose
the point that we did because it had the highest reaction forces at the knee, and likely engendered
the greatest stresses. Previous work on endochondral mechanotransduction implies that peak
stresses have the greatest influence on the bone and chondral modeling response (44), and
success has been realized by previous FE studies which utilized the single point in the locomotor
cycle with the highest joint reaction forces (45). Our confidence in the models is further
bolstered by the fact that the magnitude of stresses we observed are physiologically reasonable
and on the order of those which engender differential growth in in vivo experiments on immature
animal growth plates (46).

Future work should focus on modeling the mechanical performance of the distal femoral
metaphyseal surface in other hominoid taxa and age stages. For instance, Gorilla are much more
arboreal earlier in their juvenile periods relative to later when they engage in more terrestrial
knuckle-walking (9). Based on the current study, we would expect that younger Gorilla would
show better mechanical performance under loads simulating a climbing gait relative to older
Gorilla, while older Gorilla would exhibit better mechanical performance in a knuckle-walking
gait relative to younger Gorilla. A similar, though less dramatic transition from arboreality to
terrestriality is present in Pan, and consequently it would be of interest to investigate if the
metaphyseal surfaces of older Pan individuals are better suited to knuckle-walking than those of
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385  the younger Pan modeled in this present study. We are also interested in how the Homo

386  metaphyseal surface changes during development. For instance, are younger humans better

387  suited to the “waddling and toddling” (43) gait that characterizes their locomotion relative to

388 adolescents? We also hope to see if we can detect any differences between humans with different
389  subsistence economies and mobility patterns. This study clearly demonstrates the relative

9 390 performance benefit of more topographically complex metaphyseal surfaces during bent-knee

10 391  loading conditions. However, we did not detect a clear benefit of the relatively flatter

392  metaphyseal surfaces during straight-knee loading conditions. Future work should focus on

393  determining whether such a performance benefit becomes apparent during higher impact

14 394  straight-legged loading conditions, such as during bipedal running. Also, if in vivo knee forces
15 395 for different hominoid behaviors become available, we would be interested in seeing how the

16 396  hominoid growth plate performs under a wide range of positional and locomotor behaviors.

17 397 Ultimately, we aim to apply our model to hominoids in the fossil record, such as the DIK-1-1
18 398  juvenile Australopithecus afarensis individual (47). There is a longstanding and ongoing debate
399  over the locomotor capabilities and habits of the individuals of this species (48—53). We believe
51 400  that our model of growth plate mechanics can be helpful in determining what sort of loads the

52 401  DIK-1-1 distal femoral metaphyseal surface developed to withstand, and thus give insight into
23 402  the locomotor behavioral repertoire of A. afarensis.

oNOYTULT D WN =

24 403

25 404  Conclusions

;? 405 By utilizing the analytical tools provided by the field of mechanical engineering, we were
5 406 able to confirm a longstanding hypothesis in mammalogy and anthropology as to the effect of the

29 407  divergent morphology of the distal metaphyseal surface of the femur on growth plate mechanics
30 408 in biologically relevant models. Our FE models clearly show that the topographically complex

31 409  distal femoral metaphyseal surface of juvenile Pan individuals acts to reduce stress at the growth
32 410 plate when engaged in highly flexed-knee locomotor behaviors, such as climbing.

33 411 These results further support Stamos and Weaver’s (8) argument for the utility of

g;’ 412  metaphyseal surface morphology in reconstructing locomotor behavior of extinct fossil taxa. By
36 413 modeling what sort of loads a metaphyseal surface is best fit to resist, one can retrodict what the
37 414 locomotor repertoire of an extinct individual may have been.
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3 596  Tables and Figures

4

5 597

? 598  Table 1: Specimens and associated metrics and data. All stresses are in MPa. Institution codes:

8 599  DUND (University of Dundee), UKEN (University of Kentucky), MPI (Max Planck Institute),

9 600 RMCA (Musée Royal de I’Afrique Centrale).

10

18pecimen ID | Genus | Sex | ariaDNE | Surface | Model | Max von Mean Scaled Scaled
12 area Mises von Max von Mean von
13 (mm3) stress Mises Mises Mises stress
14 stress stress

@UND SC-010 | Homo | U 0.0397 907.02 walk 0.0708 0.0340 0.0664 0.0318
17 climb 0.1974 0.1209 0.1850 0.1133
1BUND SC-026 | Homo F 0.03007 967.74 walk 0.0636 0.0318 0.0636 0.0318
19 climb 0.1766 0.1165 0.1766 0.1165
20UKENOH2 | Homo | U 0.04173 640.59 walk 0.0839 0.0411 0.0555 0.0272
fl 225 climb 0.2622 0.1616 0.1736 0.1070
;;UKEN OH2 | Homo | U 0.03896 506.78 walk 0.1333 0.0586 0.0698 0.0307
24 035 climb 0.3357 0.2298 0.1758 0.1203
25UKEN OH2 | Homo | U 0.03252 628.99 walk 0.0976 0.0466 0.0635 0.0303
26 505 climb 0.3180 0.1808 0.2067 0.1175
;éUKEN OH2 | Homo | U 0.03376 638.25 walk 0.0897 0.0408 0.0592 0.0269
59 022 climb 0.2289 0.1692 0.1510 0.1116
30 MPI 11777 Pan M 0.04994 359.63 walk 0.2059 0.0678 0.0765 0.0252
31 climb 0.3441 0.1998 0.1279 0.0743
32MPI 13432 Pan M 0.05673 339.32 walk 0.2152 0.0720 0.0754 0.0253
33 climb | 03440 | 0.2086 0.1206 0.0731
;gRMCA 302 Pan F 0.05168 400.32 walk 0.2038 0.0847 0.0843 0.0350
36 climb 0.3452 0.1735 0.1428 0.0718
3RMCA 11293 Pan M 0.04981 250.31 walk 0.2818 0.1009 0.0729 0.0261
38 climb | 0.4151 0.2294 0.1074 0.0593
ZEMCA 22336 Pan 0.06848 292.52 walk 0.2105 0.0654 0.0636 0.0198
21 climb 0.3256 0.1654 0.0984 0.0500
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Table 2: Statistical results for maximum von Mises stress at the growth plate.

Page 18 of 29

Mean Std. dev. 2.5% 97.5%

Homo-Climb 0.178 0.006 0.166 0.190

Homo-Walk 0.063 0.006 0.051 0.075

Pan-Climb 0.119 0.006 0.106 0.132

Pan-Walk 0.074 0.007 0.061 0.087

Ratio Homo-Climb/ 2.851 0.298 2.341 3.507

Homo-Walk

Ratio Pan-Climb/Pan- 1.616 0.174 1.312 1.995
Walk

Ratio Homo-Walk/Pan- 0.853 0.113 0.652 1.097
Walk

Ratio Homo-Climb/Pan - 1.496 0.096 1.318 1.698
Climb

Table 3: Statistical results for mean von Mises stress at the growth plate.

Mean Std. dev. 2.5% 97.5%

Homo-Climb 0.114 0.003 0.109 0.120

Homo-Walk 0.030 0.003 0.024 0.035

Pan-Climb 0.066 0.003 0.059 0.072

Pan-Walk 0.026 0.003 0.020 0.032

Ratio Homo-Climb/ 3.867 0.386 3.208 4.722

Homo-Walk

Ratio Pan-Climb/Pan- 2.536 0.337 1.980 3.309
Walk

Ratio Homo-Walk/Pan- 1.152 0.180 0.844 1.548
Walk

Ratio Homo-Climb/Pan - 1.745 0.094 1.570 1.945
Climb
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27 Fi1e. 1.—Photographs of the lower end of the femoral diaphysis and upper surface of the m!‘enor femoral epiphysis,
28 1, mouflon ; 2, red deer ; 8, wolf; 4, baboon ; 5, man,

607
30 608 Figure 1: Thomson (5) was the first to write of the divergent morphologies found in the distal

609  metaphyseal surfaces of the femur of mammals. Reproduced with permission.
610
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Figure 2: 3D models created from surface scans of the distal femora of Pan and Homo juveniles.

These individuals are representative of their respective genera in our sample.
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29 614
30 615  Figure 3: A comparison of the surface scan derived (top) and parametric finite element model

31 616  (bottom) of representative Pan and Homo specimens in our sample. While the epiphysis and
32 617  growth plate were modeled, those have been stripped away to show the morphology of the distal
33 618  metaphyseal surface.
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.016667

Figure 4: Heat maps comparing the scaled von Mises stress (MPa) distribution across the growth
plates of Homo and Pan individuals under simulated walking and climbing loads. While there is
little inter-taxon difference in the stresses during walking, during climbing the Homo growth
plate is subjected to markedly higher stresses than that of Pan. Stresses have been scaled
following the protocol in Dumont et al. (37).
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12 HomoWalk —_—

16 PanClimb _—

20 PanWalk —_—
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25 0.06 0.08 0.10 012 0.14 0.16 0.18
26 Scaled Von Mises Stress

HomoClimb —_—

36 HomoWalk —

40 PanClimb ——

44 PanWalk —

| T
49 0.02 0.04 0.06 0.08 0.10 0.12
626 Scaled Von Mises Stress

ST 627 Figure 5: Maximum (top) and Mean (bottom) von Mises stress (MPa) at the growth plate across
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Fia, 1.—U'hotographs of the lower end of the femoral diaphysis and upper surface of the 111!'&1'11::-[' femoral epiphysis,
1, mouflon ; 2, red deer; 8, wolf; 4, baboon ; 5, man,
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