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Ontogeny of Bipedalism: Pedal Mechanics and Trabecular Bone 

Morphology 

 

Angel Diane Zeininger, Ph.D. 

The University of Texas at Austin, 2013 

 

Supervisor:  Liza Shapiro 

 

A unique pattern of pedal loading from heel-strike at touchdown to hallucal 

propulsion at toe-off is a distinct feature of mature human bipedalism, however, its first 

appearance in the fossil record is debated. The main goal of this dissertation is to identify 

anatomical correlates to a modern human heel-strike, rigid foot, and propulsive hallucal 

toe-off. First, a biomechanical analysis of toddler walking is used as a ‘natural 

experiment’ to investigate the influence of non heel-strike (NHS, n = 11) and immature 

heel-strike (IHS, n = 7) on the location of the center of pressure and orientation of the 

ground reaction force resultant in relation to specific foot bones during stance phase. 

With an expanded knowledge of foot bone loading in toddlers, a microarchitectural 

approach is used to test the influence of a heel-strike, rigid foot, and propulsive hallucal 

toe-off on trabecular bone fabric properties in an ontogenetic series of human and African 

ape (chimpanzee, bonobo, and gorilla) calcanei, tali, first metatarsal heads and hallucal 

distal phalanges. This dissertation presents the first ontogenetic analysis of pedal 

trabecular bone in primates. 

Heel-strike and toe-off are developmentally independent from one another. 

Although most toddlers lack a hallucal toe-off, NHS and IHS apply equally high 

propulsive forces when the entire width of their forefoot is in contact with the ground. 



 x 

Biomechanical and fossil evidence suggest that a generalized active propulsion may have 

preceded the evolution of a propulsive hallucal toe-off. Although pedal trabecular fabric 

properties are more complex than predicted, trabecular correlates to heel-strike and 

hallucal toe-off are identified within adult human foot bones. Compared to toddlers and 

African apes, adult humans have a unique combination of relatively thick trabecular 

struts and an anteroplantar to posterodorsal primary trabecular orientation in the plantar 

aspect of the calcaneal tuber. In the calcaneal tendon volume of interest, adult humans 

have a unique anteroplantar to posterodorsal primary trabecular orientation associated 

with a propulsive hallucal toe-off.  This dissertation provides the comparative context 

necessary to begin assessing the evolution and developmental timing of foot function and 

specific bipedal gait events in juvenile and adult fossil hominins. 
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Chapter 1:  Introduction 

INTRODUCTION 

Habitual bipedalism is a hallmark of our species, but its first appearance in the 

hominin fossil record and the nature of foot function in our early ancestors is strongly 

debated (see Stern, 2000; Senut et al, 2001; Ward, 2002; Zolikofer et al., 2005; 

Richmond and Jungers, 2008; Lovejoy et al., 2009 for reviews and contrasting 

viewpoints). Despite a relative wealth of fossil material, there is a lack of consensus 

regarding the degree to which bipedalism in australopithecines resembled that of a 

modern human (see Stern, 2000; Senut et al, 2001; Ward, 2002; Zolikofer et al., 2005; 

Richmond and Jungers, 2008; Lovejoy et al., 2009 for reviews and contrasting 

viewpoints), even with respect to one of the most functionally diagnostic parts of the 

human body, the foot. As the sole point of contact between the ground and the individual 

in bipedal locomotion, the human foot is unique and highly derived among extant 

hominoids. Previous research seeking to identify functional anatomical correlates of 

bipedalism in foot bones has focused primarily on comparing exterior gross morphology 

among extant adult humans, apes, and extinct hominins (Morton, 1922; Stern and 

Susman, 1983; Lewis, 1989; Latimer and Lovejoy, 1990; Langdon et al., 1991; Gebo, 

1992; Harcourt-Smith, 2002; Lovejoy et al., 2009; Pontzer et al., 2010; Ward et al., 2011; 

Zipfel et al., 2011; DeSilva et al., 2013a).  

To expand our understanding of the functional anatomy of the foot and ankle and 

to identify structural complexes that may reflect foot function in fossil hominins, this 

dissertation investigates activity-sensitive internal trabecular bone architecture, a method 

that is thought to be effective in reconstructing behavior in fossils and for distinguishing 

locomotor correlates from phylogenetic baggage (retentions of ancestral morphology that 
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have lost their adaptive value) (Macchiarelli et al., 1999; Fajardo and Muller, 2001; 

MacLatchy and Muller, 2002; Ryan and Ketcham, 2002, 2005; Ketcham and Ryan, 2004; 

Richmond et al., 2004; Maga et al., 2006; Griffin et al., 2010).  

In addition, this dissertation takes advantage of ontogenetic changes in both 

behavior and anatomy to further test bone-load associations. Heel-strike and toe-off 

mature gradually throughout ontogeny in humans (Sutherland et al., 1980; Forssberg, 

1985; Myklebust, 1990; Bertsch et al., 2004). Since juvenile trabecular bone is highly 

responsive to functional loading (Ryan and Krovitz, 2006; Gosman and Ketcham, 2009), 

an ontogenetic study is an excellent natural experiment with which to test bone-load 

relationships in the absence and presence of specific gait events and therefore more 

confidently detect functional loading signals within bones. The objective of this 

dissertation is to document concurrent developmental changes in human foot strike and 

push-off patterns, pedal loading, and trabecular bone architecture. A kinetic analysis of 

pedal loading regimes throughout early locomotor ontogeny of human toddlers is coupled 

with a micro computed tomography (CT) scan analysis of trabecular bone morphology in 

adult and infant human and African ape tali, calcanei, metatarsals, and hallucal distal 

phalanges. These extant data provide the comparative context necessary for future 

reconstructions of the evolution and developmental timing of foot function and specific 

bipedal gait events (e.g., heel-strike and a propulsive hallucal toe-off) in juvenile and 

adult early fossil hominins.  

By identifying functionally significant anatomical correlates of bipedalism within 

human foot bones, this study will help resolve debate regarding the extent to which 

australopithecine foot function resembled that of modern humans (i.e., the 

presence/absence of heel-strike at touchdown and hallucal propulsion at toe-off). To 

understand how this approach will be applied, and its value, it is useful to briefly review 
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the differences between adult and juvenile foot mechanics and the development of bony 

features that define modern adult human bipedalism in terms of foot posture and loading. 

This introduction will conclude with a summary of each of the following chapters. 

FOOT FUNCTION 

Sutherland et al. (1980) define seven specific gait parameters that are indicative of 

a mature human bipedal gait:  1) an extended knee and dorsiflexed ankle at the end of 

swing phase, resulting in a distinct heel-strike at touchdown 2) proximal to distal and 

lateral to medial progression of the center of pressure (roll-over at the 

metatarsophalangeal joints) throughout the foot during stance phase 3) an extended knee 

in the support leg at midstance, 4) a plantarflexed ankle and a final hallucal toe-off  at the 

end of stance phase, 5) a biphasic vertical force distribution curve, 6) a flexed knee and 

dorsiflexed ankle in the swing leg during swing phase, and 7) reciprocal arm swinging 

throughout the gait cycle.  This dissertation will focus on two of these gait parameters, 

marking the start and end of stance phase: a distinct heel-strike at touchdown and a final 

hallucal toe-off.  

During heel-strike in adult humans the heel touches down in a slightly inverted 

position (Elftman and Manter, 1935). The center of pressure (COP) of the foot and the 

anchoring point of the ground reaction force resultant (GRFr) lie beneath the calcaneus at 

touchdown (Elftman, 1934; Elftman and Manter, 1935; Grundy et al., 1975; Czerneicki, 

1988). In preparation for a propulsive toe-off at the end of stance, the heel begins to 

elevate as the ankle plantarflexes and the metatarsophalangeal joints (MTPJs) dorsiflex. 

As dorsiflexion at the MTPJs continues, the talocalcaneal joint supinates and the 

ligaments around the joint tighten, causing the transverse tarsal joints to rest one atop the 

other, preventing midfoot flexion in the sagittal plane (Langdon et al., 1991). As a means 

of creating a stable MTPJ for the final hallucal push-off, collateral ligaments surrounding 
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the 1st and 2nd MTPJs tighten (Susman and Brain, 1988; Susman and de Ruiter, 2004) 

and the MTPJs may experience high compressive joint forces (Hetherington et al., 1989). 

Finally, the hallucal distal phalanx pushes against the ground as the sole weight bearing 

element (Elftman and Manter, 1935; Sutherland et al., 1980).    

Heel-strike and toe-off mature throughout ontogeny. Independent walking begins 

at around one year of age (10-17 months, Bertsch et al., 2004; 9-17 months, Myklebust, 

1990; 15 months, Sutherland et al., 1980), when an infant is able to propel him/herself 

forward unassisted. At one year of age the tibialis anterior has been described as too weak 

to lift (dorsiflex) the foot during swing phase and therefore the foot is plantigrade at 

touchdown, lacking a true heel-strike (Myklebust, 1990). Ankle plantarflexion does not 

increase much throughout stance phase and previous research suggests that one year olds 

are unable to create enough torque at the ankle during the end of stance phase to propel 

themselves forward into swing phase (Forssberg, 1985; Hallemans et al., 2005). Thus, it 

has been reported that a plantigrade foot is lifted at the end of stance phase (Forssberg, 

1985; Hallemans et al., 2005).   

A true heel-strike does not occur until eighteen months (Sutherland et al., 1980; 

Bertsch et al., 2004; Bosch et al., 2007) or two years of age (Myklebust, 1990). At two 

years of age the ankle is dorsiflexed during swing phase and less plantarflexed at 

touchdown than it is at one year. By two years of age the ankle plantarflexors are strong 

enough to propel the foot backward in preparation for a distinct toe-off (Sutherland et al., 

1980).  Since toddlers lack a heel-strike and toe-off, an ontogenetic analysis allows me to 

test bone-load hypotheses by examining differences in pedal loading patterns in the 

presence and absence of these specific gait parameters.  

Among primates, a heel-strike foot posture at touchdown is restricted to humans 

(Elftman and Manter, 1935; Napier, 1967; Tuttle, 1970), chimpanzees, gorillas (Elftman 
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and Manter, 1935; Tuttle, 1970; Susman, 1983; Reynolds, 1985; Gebo, 1992; Meldrum, 

1993; Schmitt and Larson, 1995; Wunderlich, 1999), and orangutans (Reynolds, 1985; 

Meldrum, 1993; Schmitt and Larson, 1995; but see Gebo, 1992). During heel-strike at 

touchdown in adult chimpanzees and gorillas, the foot is inverted to a higher degree than 

in humans (Wood-Jones, 1916; Elftman and Manter, 1935).  Following heel-strike, the 

center of pressure moves anteriorly and then medially beneath the metatarsal heads as 

dorsiflexion occurs in the midfoot (i.e., the 'midtarsal break') and the heel is elevated in 

preparation for lift-off (Vereecke et al., 2003; DeSilva, 2010). Thus, African apes lack the 

talocalcaneal supination and transverse tarsal ligament tightening that creates a rigid 

midfoot in adult humans (Elftman and Manter, 1935).  

While African apes touch down with a heel-strike, they lack a propulsive hallucal 

toe-off and therefore African apes lack many of the mechanisms that are associated with 

a rigid foot and adult human bipedalism. Unlike humans, African apes lack collateral 

ligament tightening around the 1st and 2nd MTPJs (Susman and Brain, 1988; Susman 

and de Ruiter, 2004). Toe-off is variable and can occur between the 1st and 2nd digits 

(Pan troglodytes: Wunderlich, 1999), at the 2nd or 3rd digits (Pan troglodytes: Susman, 

1983), or at the 1st, 2nd, or 3rd digits (Pan paniscus: Vereecke et al., 2003). Relative 

impulses beneath the hallux at lift-off are 1) lower in African apes than humans and 2) 

lower than impulses beneath the lateral toes, suggesting that propulsion at toe-off is 

produced by the lateral toes, not the hallux, in African apes (Vereecke et al., 2003).  

To date, there are no comparable data on pedal loading patterns in infant African 

apes. However, African apes are still a good comparative sample for this study because 

they also use a heel-strike (and therefore this study examines heel-strike in members of 

various species of various ages) but lack a propulsive hallucal toe-off (and therefore this 

study examines a lack of toe-off in members of various species at various ages). This 
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variety in foot posture across age groups and species will help elucidate true anatomical 

correlates to foot function in African apes and humans. 

EXTERNAL FOOT BONE ANATOMY 

Just as bipedalism develops throughout ontogeny, the anatomy of the foot also 

changes from birth to adulthood. At birth, the talus and calcaneus are the only two tarsal 

bones that have begun to ossify (Hoerr et al., 1962; Scheuer and Sue, 2004) (Figure 1.1). 

A single primary ossification center is present in the fetal talus at 6-7 prenatal months 

(Scheuer and Sue, 2004). The calcaneus is unique among the tarsus, in that it has a 

primary ossification center (present at 5-6 prenatal months) as well as a proximal 

secondary ossification center. The proximal calcaneal tuberosity does not begin to ossify 

until 5-6 years in females and 7-8 years in males and does not fully fuse with the rest of 

the calcaneus until 10-16 years in females and 14-20 years in males (Scheuer and Sue, 

2004). Metatarsals II-V each have a primary ossification center in their diaphysis and a 

secondary ossification center in their head. While the diaphyses of MT II-V have begun 

to ossify by birth, the heads do not begin to ossify until 2 years of age (Scheuer and Sue, 

2004). In contrast, the secondary ossification center in MT I is in its base. As such, the 

MT I head and diaphysis are already connected and have begun to ossify at birth 

(Scheuer and Sue, 2004).  As in the hallucal MT, the secondary ossification center in the 

hallucal distal phalanx is in its base while the distal end of the bone is ossified at birth. 

The human foot is not entirely ossified until 16 years in females and 18 years in males 

(Hoerr et al., 1962; Scheuer and Sue, 2004).  

The external anatomy of the adult human foot has been described as adapted 

towithstand high cyclical loading at heel-strike (Morton, 1935; Latimer and Lovejoy, 

1989; Gebo, 1992). For example, compared to African apes, the volume of the calcaneal 

tuber (minimum cross-sectional area times calcaneal tuber length) in humans is high for 
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their body mass indicating that humans have a robust calcaneal tuber (Morton, 1935; 

Latimer and Lovejoy, 1989).  Additionally, humans have a broad plantar surface of the 

calcaneal tuber (Latimer and Lovejoy, 1989) with a unique lateral plantar tubercle 

(Laidlaw, 1904, 1905; Weidenreich, 1922, 1923, 1940; Straus, 1963; Latimer and 

Lovejoy, 1989; Deloison, 1991). Although it has been suggested that the lateral plantar 

tubercle is weight-bearing in humans (Lewis, 1983) we still lack an understanding of the 

exact location where the calcaneus is loaded during heel-strike and early stance. 

In the standing position, the distal end of the calcaneus is thought to be more 

elevated in humans than it is in apes (Gebo, 1992). This reorientation of the calcaneus 

would reposition the talus on the calcaneus at the TCJ and also allow for the presence of 

a longitudinal arch. The posterior articular facet of the talus is concave and its area 

overlaps with the complementary convex posterior articular facet (PAF) of the calcaneus 

(Lewis, 1989). Both the talar and calcaneal PAFs are more vertically oriented than in 

chimpanzees and gorillas, implying differences between humans and apes in the direction 

of loading at the TCJ (Lewis, 1989). The human hallux is relatively long (Martin and 

Saller, 1959) and adducted (Shultz, 1930). Compared to African apes, human first 

metatarsals are robust and may be able to resist more dorsoplantar bending stress during 

toe-off (Archibald, 1962). Overall, among hominoids, the human foot has a long lever 

arm (proximal calcaneus to the midpoint of the talar trochlea) to load arm (midpoint of 

the talar trochlea to the distal end of the third digit) ratio, surpassed only by gorillas 

(Shultz, 1963). 

TRABECULAR BONE 

Micro computed tomography (CT) scans have been used to analyze the micro-

architecture of trabecular bone, a network of tiny struts (individual trabeculae) that lie 

deep to external cortical bone. Trabecular bone is found throughout the skeleton 
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including a significant proportion of the carpals and tarsals (Currey, 1984). When 

trabecular struts are oriented perpendicular to each other, they form a lattice with cross 

braces which act to stabilize the trabeculae themselves as well as support the surrounding 

cortical bone (Currey, 1984; Lanyon and Rubin, 1983). At the same time, trabeculae are 

thought to be oriented in line with the principle loads and are thus efficiently load-

bearing, a concept known as Wolff’s Law (Lanyon and Rubin, 1983). Trabeculae 

remodel and orient themselves by removing bone from one side and depositing bone to 

the other side until the direction of the trabecular strut is oriented in the direction of the 

principle strain (Currey, 1984). Thus, trabecular bone is sensitive to external loading 

during life.  

It is thought that trabecular bone remodels throughout ontogeny in response to 

activity and localized strain (Lieberman et al., 2003; Pontzer et al., 2006; Ryan and 

Krovitz, 2006; Gosman and Ketcham, 2009; Gosman et al., 2011). While remodeling 

processes in adults are complex, 1) juvenile bone is highly responsive to functional 

loading, 2) some degree of caution should be taken when inferring functional loading in 

adults, and 3) biomechanical experiments and ontogenetic studies are essential in order to 

accurately recognize functional loading signals in fossils (Pearson and Lieberman, 2004; 

Ruff et al., 2006).  

Previous experimental trabecular remodeling knowledge comes from non-primate 

research (e.g., potoroos: Biewener et al., 1996; dogs: Goldstein et al., 1991; guinea fowl: 

Pontzer et al., 2006; sheep: Barak et al., 2011). Very few researchers have investigated 

trabecular ontogeny in non-human primates (femur: Ryan and Krovitz, 2006; tibia: 

Gosman and Ketcham, 2009). Moreover, only a few studies have investigated differences 

in trabecular morpohology between adult human and great ape foot bones (talus: DeSilva 

and Devlin., 2012, Su et al., 2013; metatarsals: Griffin et al., 2010; calcaneus: Maga et 
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al., 2006; DeSilva et al., 2013b). This dissertation is the first study to investigate pedal 

trabecular ontogeny in African apes and humans. 

Ontogenetic trends have been reported for trabecular fabric properties in the 

human proximal femur (Ryan and Ketcham, 2006) and tibia (Gosman and Ketcham, 

2009). At birth, trabecular bone volume fraction (bone volume/total volume (BV/TV), 

i.e., bone density) is high. However, BV/TV drops by 40% at 6 months and then 

increases again by 12 months (Gosman and Ketcham, 2011). As bone volume fraction 

decreases, so does trabecular number. As bone volume fraction increases, so does 

trabecular thickness (Tb.Th). Trabecular bone is first laid down in a rather anisotropic 

(well organized) pattern. Degree of anisotropy (DA) then decreases throughout the first 

year of life. As toddlers begin to walk, trabeculae begin to reorient themselves and DA 

increases again. Thus, newborns have many, thin, anisotropic trabecular struts, one year 

olds have fewer, thicker, isotropic trabeculae than newborns, and one to eight year olds 

have increasingly more, thicker, more anisotropic trabeculae (Ryan and Krovitz, 2006; 

Gosman and Ketcham, 2011).  

Comparative analyses of trabecular functional morphology in adult hominoid 

calcanei and metatarsals have concluded that adult human pedal trabeculae preserve 

evidence of stereotypical muscle and joint reaction loading associated with toe-off during 

mature human bipedalism (Maga et al., 2006; Griffin et al., 2010). However, recent 

studies of talar and calcaneal trabeculae suggest that the talus and calcaneus may not be 

as reliable as other foot bones in predicting locomotor behavior in fossils (DeSilva and 

Devlin, 2012; DeSilva et al., 2013b). Regardless, compared to great apes, adult humans 

exhibit a higher degree of anisotropy and a lower bone volume fraction in regions of foot 

bones that are thought to receive high loads during mature bipedalism (Maga et al., 2006; 

Griffin et al., 2010; DeSilva et al., 2012). 
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Results of ontogenetic studies of the proximal femur and tibia have suggested that 

trabecular bone in the human lower limb reflect differential loading throughout 

locomotor development (Ryan and Krovitz, 2006; Gosman and Ketcham, 2009; Gosman 

et al., 2011). Furthermore, analyses of adult human and primate foot bones provide 

evidence of trabecular differences related to interspecifc locomotor variance (Maga et al., 

2006; Griffin et al., 2010). However, to date, it is not known how trabeculae in human 

and non-human primate foot bones change throughout ontogeny. If ontogenetic changes 

in pedal trabecular architecture track developmental transitions in bipedal kinematics and 

kinetics of the foot, analyses of trabecular bone can be used to assess ontogenetic 

trajectories of bipedalism and, in specific, foot strike and push-off patterns, in extinct 

hominins.  

THE EVOLUTION OF HEEL-STRIKE PLANTIGRADY  

Heel-strike plantigrady is rare among primates and restricted to large-bodied 

hominoids (Elftman and Manter, 1935; Napier, 1967; Tuttle, 1970; Susman, 1983; 

Reynolds, 1985; Gebo, 1992; Meldrum, 1993; Schmitt and Larson, 1995; Wunderlich, 

1999; Vereecke et al., 2003). The fact that only a few primate species are characterized as 

heel-strikers suggests an adaptive reason for its use, however, the function of heel-strike 

and the ecological context in which this foot posture evolved is debated (Gebo, 1992; 

Meldrum, 1993; Schmitt and Larson, 1995).  

According to Gebo (1992), heel-strike plantigrady is restricted to the African apes 

(i.e., not orangutans) and humans. Gebo (1992) hypothesizes that increased forelimb 

length and a modified shoulder position in African apes shifts the whole body center of 

mass posteriorly, forcing the heel into contact with the substrate at touchdown during 

terrestrial quadrupedalism in large-bodied, suspensory-adapted African apes. As such, 

Gebo (1992) argues that heel-strike must have evolved in a terrestrial quadrupedal 
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ancestor of African apes and humans (Figure 1.2). In this model, the highly arboreal 

Pongo lacks a heel-strike but the LCA of African apes and humans is a terrestrial 

quadruped who used a heel-strike. If Gebo’s hypothesis is correct, then it should follow 

that heel-strike was maintained in the LCA of Pan and Homo and thus the earliest bipedal 

hominins.  

In contrast to Gebo (1992), Meldrum (1993) and Schmitt and Larson (1995) 

recognize that heel contact (in which the heel contacts the substrate at some point during 

stance phase, also referred to simply as plantigrady) also occurs in smaller-bodied, 

suspensory-adapted gibbons (Hylobates), spider monkeys, and howler monkeys. Contra 

Gebo (1992), Meldrum (1993) further recognizes the arboreal and terrestrial use of 

plantigrady in Pongo. Schmitt and Larson (1995) agree that Pongo heel-strikes on 

terrestrial and arboreal substrates, although they note that the foot posture of orangutans 

and African apes is not kinematically identical. They suggest that heel contact is the 

result of a highly protracted hindlimb in conjunction with an active posterior weight shift 

mechanism that reduces stress on the highly manipulative yet relatively fragile forelimbs 

(Schmitt and Larson, 1995). Schmitt and Larson (1995) note that hindlimb protraction 

angles and the posterior weight shift mechanism (Reynolds, 1985) are greatest on 

arboreal supports, suggesting that heel contact and possibly heel-strike (although not 

necessarily evolutionarily linked) may have evolved in an arboreal quadrupedal ancestor. 

Schmitt and Larson (1995) hypothesize that the hominoid ancestor used a heel elevated 

foot posture (i.e., semiplantigrady), heel contact evolved independently in monkeys and 

Hylobates, and heel-strike may have evolved independently in Pongo and the African 

apes (Figure 1.3). In this model, it should follow that the LCA of African apes and 

humans, the LCA of Pan and Homo, and the earliest bipedal hominins used a heel-strike.  
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DETECTING HEEL-STRIKE AND TOE-OFF IN EARLY HOMININS  

As one of the most well-known fossil hominin species, Australopithecus afarensis 

should provide the most reliable reconstructions of locomotor behavior for adult 

australopithecines. Unfortunately, researchers who have studied external foot anatomy in 

A. afarensis have yet to agree upon whether this species was habitually or facultatively 

bipedal. Researchers who conclude that A. afarensis was habitually bipedal tend to regard 

plesiomorphic (primitive) traits as functionally insignificant (e.g., Latimer and Lovejoy, 

1990). On the other hand, researchers who attribute continued selection pressure to 

plesiomorphic traits and acknowledge their functional significance conclude that A. 

afarensis was a facultative biped with the ability for arboreal climbing (e.g., Stern and 

Susman, 1983).  

According to Stern and Susman (1983), the AL 288-1 (Lucy) distal fibula and 

talus complex resembles that of great apes in providing a higher degree of plantarflexion 

than is present in humans while a distally-extended lateral margin of the talar trochlea 

still allowed for a reasonable degree of dorsiflexion. According to Langdon et al. (1991), 

however, the talocalcaneal joint functioned much like that of a modern human and the 

talus was capable of external rotation during stance resulting in supination and close-

packing of the talocalcaneal joint (TCJ) in preparation for a propulsive toe-off. The A. 

afarensis calcaneus has a suite of human-like characteristics including a robust proximal 

body, a discrete lateral plantar process, and specialized geometry and orientation of the 

posterior articular facet that reduces mobility at the TCJ (Latimer and Lovejoy, 1989). 

Distal regions of the A. afarensis metatarsal heads are dorsally inflated (Susman et al., 

1984; Latimer and Lovejoy, 1990a) and dorsally angled like humans (Latimer and 

Lovejoy, 1990) yet mediolaterally constricted like great apes (Susman et al., 1984). As 

such, maximum dorsiflexion in A. afarensis may have been less stable than it is in 



 13 

modern humans and A. afarensis may have lacked a propulsive toe-off (Susman et al., 

1984). The hallux has been described as adducted and human-like (Latimer and Lovejoy, 

1990) or abducted and opposable with the ability for strong pedal grasping like an ape 

(Tuttle, 1981). In addition, the long, curved pedal phalanges have been interpreted as 

evidence for pedal grasping during arboreal climbing (Stern and Susman, 1983). 

Proximal ends of proximal phalanges 1) exhibit a degree of dorsal canting that is 

intermediate between that of great apes and humans and 2) lack a human-like 

dorsoplantar expansion suggesting that, while the A. afarensis forefoot was capable of 

greater dorsiflexion than is seen in great apes, it lacked a well-developed plantar 

aponeurosis and a propulsive toe-off (Duncan et al., 1994; Susman et al., 1984; Griffin 

and Richmond, 2010). Disagreement with respect to the functional interpretation of adult 

A. afarensis foot bones precludes a clear reconstruction of locomotor behavior in this 

species.  

While the nature and mechanics of adult locomotion in australopithecines is 

currently debated, the recent discovery of an A. afarensis juvenile (aged to 3 years using 

an African ape dental eruption model) from Dikika, Ethiopia may offer insight into the 

ontogeny of bipedalism in this species (Alemseged et al., 2006). DIK 1-1 (Selam), is a 

partial skeleton whose left foot consists of a complete set of tarsals and metatarsals minus 

the heads. The anatomy of the DIK 1-1 foot has been described as indicative of 

bipedalism. For example, the talar trochlea has similarly elevated medial and lateral 

margins allowing a human-like degree of ankle motion and the medial side of the talus is 

vertical, similar to a human. The calcaneus resembles a human in having a wider 

mediolateral than dorsoplantar dimension distally and in being robust overall (Alemseged 

et al., 2006). The presence of a well-preserved talus in both Selam and Lucy offers a rare 

opportunity to conduct an intraspecific, ontogenetic comparison of talar trabecular 
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structure between juvenile and adult A. afarensis and test for evidence of close-packing at 

the TCJ and a rigid foot during bipedal walking. This dissertation provides the modern 

comparative sample necessary for such a study.  

OBJECTIVES AND CHAPTER SUMMARIES 

The objective of this dissertation is to document concurrent changes in human 

pedal loading and trabecular bone architecture within a comparative context with the goal 

of elucidating specific trabecular patterns within human foot bones that are indicative of 

heel-strike and a hallucal toe-off. I combine experimental, biomechanical data of toddler 

walking with a detailed, ontogenetic, comparative analysis of trabecular bone architecture 

in African ape and human foot bones. As such, this dissertation is the first study to 

explicitly examine trabecular correlates specific to heel-strike and toe-off, conduct intra- 

and interspecific comparisons of pedal trabecular architecture in infant primates, and 

investigate the trabecular architecture of the primate hallucal distal phalanx. 

Before functional correlations can be investigated within foot bones, a better 

understanding of pedal forces that travel through specific foot bones in the presence and 

absence of heel-strike at touchdown and a hallucal toe-off in toddlers is needed.  Chapter 

2 presents results of a kinetic analysis of ground reaction forces that load the foot during 

bipedal walking in human toddlers. Synchronous force plate and Vicon motion analysis 

data are examined for eighteen toddlers. Toddlers range in age from eleven months old 

(with only two weeks of walking experience) to four years old (with three years of 

walking experience). Thus, this cross-sectional ontogenetic study captures kinetic 

changes that occur throughout the first three years of independent walking (encompassing 

the transition from an absence of heel-strike and hallucal toe-off to the presence of heel-

strike and toe-off). The sample is divided into two functional groups: immature heel-

strikers (IHS) and non heel-strikers (NHS). This study uses the location of the center of 
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pressure and direction of the ground reaction force resultant (GRFr) to project forces 

traveling though the calcaneus, metatarsals, and hallux at six points during stance: 

touchdown, impact peak, braking peak, 70% of stance, propulsive peak, and lift-off. In 

addition, fore-aft braking and propulsive forces, vertical forces, and the combined ground 

reaction force resultant magnitude are calculated along with ankle and first metatarsal 

joint angles, moment arms, and moments.  

Chapters 3 and 4 present an analysis of trabecular architecture in an ontogenetic 

sample of human foot bones that are expected to receive ground reaction, muscle, and 

joint reaction forces during walking. Ground reaction force and joint moment data from 

Chapter 2 along with previously modeled muscle and joint reaction forces are used to 

assess the trabecular evidence of heel-strike (calcaneus) in Chapter 3 and a propulsive 

hallucal toe-off (calcaneus, talus, MT I head, and hallucal distal phalanx) in Chapter 4. 

Chapters 3 and 4 use a comparative approach by further investigating trabecular 

architecture in adult and infant African ape foot bones. The degree of anisotropy, 

elongation index, bone volume fraction, trabecular thickeness and primary trabecular 

orientation are calculated. Specifically, these chapters investigate if/how functional 

loading during heel-strike and toe-off influences pedal trabecular bone morphology in 

humans and African apes. Chapters 3 and 4 provide the comparative context that is 

required for a future analysis of bipedal development in Australopithecus.  

Finally, Chapter 5 combines the results from this dissertation with previous 

biomechanical and anatomical evidence to assess hypotheses regarding the evolution of 

heel-strike in hominoids and the evolution of a hallucal toe-off in hominins. Table 1.1 

lists the abbreviations that are commonly used throughout this dissertation.  
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Figure 1.1:  Ontogeny of human foot bone ossification.  

Blue areas represent cartilage and white areas represent ossified bone. Image modified 
from Scheuer and Sue (2004). 
  



 17 

 
 

Figure 1.2: Gebo model.  

In this model, the common ancestor of all hominoids was a generalized arboreal primate 
(blue line). Hylobates and Pongo do not use a heel-strike. The last common ancestor of 
great apes and humans (LCA) did not use a heel-strike (open circle). Heel-strike evolved 
once, prior to the LCA of African apes and humans (black line) such that the LCA of 
African apes and humans (black circle) and the LCA of Pan and Homo (black circle) 
used a heel-strike.  
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Figure 1.3: Schmitt and Larson model.  

In this model, the common ancestor of all hominoids was a semiplantigrade arboreal 
primate (white line with black outline). The last common ancestor of all hominoids did 
not use a heel contact or heel-strike (open circle). Hylobates independently evolved heel 
contact plantigrady (white line with gray outline). The last common ancestor of great 
apes and humans (LCA) did not use a heel-strike (open circle). Heel-strike evolved twice: 
once in Pongo (gray line) and again prior to the LCA of African apes and humans (black 
line) such that the LCA of African apes and humans (black circle) and the LCA of Pan 
and Homo (black circle) used a heel-strike. 
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Table 1.1: Commonly used abbreviations. 

 
Abbreviation Full term Definition 

AD-PP anterodorsal to posteroplantar example of a primary trabecualr orientation 

A-P anterior to posterior example of a primary trabecular axis 

AP-PD anteroplantar to posterodorsal primary trabecualr orientation 

BV/TV bone volume fraction  ratio of bone to total volume in a volume of interest 

COP center of pressure anchor point of the ground reaction force resultant  

DA degree of anisotropy ratio of primary to tertiary eigenvalue 

IHS 
 
 
 

immature heel-striker 
 
 
 

toddler who used a heel-strike at touchdown in Chapter 2; 
often refers to a 3 to 4 year old human who presumably used 
an immature heel-strike  in Chapters 3 and 4 

E elongation index ratio of secondary to primary eigenvalue 

Fx medio-lateral force side-to-side component of the ground reaction force 

Fy fore-aft force horizontal component of the ground reaction force 

Fz vertical force vertical component of the ground reaction force 

GRF ground reaction force force experienced by the foot during walking 

GRFr 
 

ground reaction force resultant 
 resultance force of the vertical and fore-aft horizontal forces  

HDP hallucal distal phalanx terminal phalanx of the first pedal digit 

HS heel-strike adult human foot posture at touchdown 

I isotropy index inverse of degree of anisotropy 

InvertHS inverted heel-strike foot posture at touchdown in Pan and Gorilla 
 
NHS 
 
 

non heel-striker 
 
 

Toddler who did not use a heel-strike at touchdown in Chapter 
2; often refers to a 1 to 2 year old human who presumably did 
not use a heel-strike in Chapters 3 and 4  

MT 1 first metatarsal metatarsal of the first pedal digit 
 
MTPJ 1 
 

first metatarsophalangeal joint 
 

joint between the first metatarsal and the first proximal 
phalanx 

TCJ 
 

talocalcaneal joint 
 

joint between the posterior articular facets of the talus and 
calcaneus 

Tb.Th trabecular thickness average thickness of a trabecular strut 
VOI volume of interest area of trabecular analysis within a bone 
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Chapter 2: Influence of heel-strike and toe-off on the location of the 
center of pressure and orientation of the ground reaction force resultant 

in toddlers.  

INTRODUCTION 

A pattern of pedal loading from heel-strike at touchdown to hallucal propulsion at 

toe-off is a distinct feature of mature human bipedalism, likely present in the fossil record 

by 1.5 Ma (Bennet et al., 2009) and possibly much earlier (Leakey and Hay, 1979; 

Pontzer et al., 2010; Ward et al., 2011; but see Stern and Susman, 1983). However, 

debate still exists regarding the degree to which early hominin foot-strike and push-off 

patterns resembled that of modern humans (see Stern, 2000; Senut et al, 2001; Ward, 

2002; Zolikofer et al., 2005; Richmond and Jungers, 2008; Lovejoy et al., 2009 for 

reviews and contrasting viewpoints). Biomechanical experiments are essential in order to 

understand how foot bones are loaded throughout stance and to accurately recognize 

functional loading signals first in extant humans and then fossil hominins. Interpreting 

the functional anatomy of feet is especially complicated due to changing patterns of 

external ground reaction force and internal joint loading during a step, across gaits, and 

with development. These complex loading patterns interact with a complex system of 

numerous bones, ligaments, and extrinsic and intrinsic muscles.  Testing pedal bone-load 

relationships is also challenging because all non-pathological adult modern humans use a 

heel-strike and propulsive hallucal toe-off. Since bipedalism matures gradually and 

toddlers lack a heel-strike and toe-off (Sutherland et al., 1980; Forssberg, 1985; 

Myklebust, 1990; Bertsch et al., 2004) this study takes an ontogenetic approach as an 

ideal natural experiment with which to begin testing the relationship between pedal 

loading at heel-strike/ toe-off and the anatomy of foot bones that experience high loads 

during these specific gait events.  
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 During heel-strike at touchdown in adult humans the center of pressure (COP) of 

the foot and the anchoring point of the ground reaction force resultant (GRFr) lie beneath 

the calcaneus (Elftman, 1934; Elftman and Manter, 1935; Grundy et al., 1975; 

Czerneicki, 1988). Following heel-strike, the COP is translated forward along the lateral 

midfoot, followed by a lateral to medial “roll-over” of the foot moving the COP 

eventually under the metatarsal heads and then beneath the hallux during the final push-

off (Grundy et al., 1975; Bojsen-Moller and Lamoreux, 1979; Czerneicki, 1988). 

Vertical force (Fz) traces during walking exhibit an impact transient spike at heel-

strike (see Wittle, 1999; Chi and Schmitt, 2005) followed by a double hump pattern with 

the first peak in the Fz during the first part of stance and the second peak occurring after 

midstance, each peak reaching 110-120% body weight (see Grundy et al., 1975; 

Czerneicki, 1988). In addition to vertical ground reaction forces, shear ground reaction 

forces in the fore-aft (Fy) and mediolateral (Fx) planes generated by locomotion are also 

applied to the foot. Forces can be analyzed individually or as the ground reaction force 

resultant (GRFr), a combination of multiple force vectors. During adult human walking, 

mediolateral forces are generally low (Li et al., 1996). However, when the heel touches 

down in front of the whole body center of mass, the foot applies a downward force as 

well as a forward force, resulting in an upward and backward (posteriorly) oriented 

braking GRFr (Alexander, 2004). Deceleration in the first half of stance phase is 

associated with relatively high fore-aft braking forces at heel-strike (Li et al., 1996; 

Gotschall and Kram, 2003). Similarly high fore-aft forces also occur in the latter half of 

stance as the medial gastrocnemius contracts and the forefoot pushes against the ground 

prior to toe-off (Li et al., 1996; Neptune et al., 2001; Gotschall and Kram, 2003). In fact, 

propulsive forces associated with toe-off have been reported to contribute to 47% of the 

metabolic costs of walking in adults (Gottschall and Kram, 2003).  
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Mature bipedal features such as heel-strike and toe-off develop gradually 

throughout locomotor ontogeny. Previous studies have examined changes in lower limb 

kinematics and joint kinetics (Forssberg, 1985; Breniere et al., 1989; Sutherland et al., 

1980; Thelen et al., 1992; Grimshaw et al., 1998; Yaguramaki et al., 2002; Roncesvalles 

et al., 2001; Halllemans et al., 2005, 2006; Kimura et al., 2005; Chagas et al., 2006; 

Stebbins et al., 2006; Chester and Wrigley, 2008; Samson et al., 2009; Samson et al., 

2011), electromyography (Greer et al., 1989; Myklebust, 1990; Okamoto and Okamoto, 

2001; Chang et al., 2007), plantar pressure (Hennig and Rosenbaum, 1991; Hennig et al., 

1994; Hallemans et al., 2003; Bertsh et al., 2004; Hallemans et al., 2006; Bosch et al., 

2007; Alvarez et al., 2008; Samson et al., 2011), and ground reaction forces (Beck et al., 

1981; Greer et al., 1989; Takegami, 1992;  Li et al., 1996; Pries et al., 1997; Yaguramaki 

et al., 2000; Stansfield et al., 2001; Hallemans et al., 2003; Diop et al., 2005; Kimura et 

al., 2005; Cowgill et al., 2010; Samson et al., 2011) throughout walking development in 

healthy children.   

Independent walking begins around one year of age (10-17 months, Bertsch et al., 

2004; 9-17 months, Myklebust, 1990; 15 months, Sutherland et al., 1980), when an infant 

begins to propel him/herself forward unassisted. At the onset of independent walking, 

toddlers do not have the postural capacity to initiate steady state gait in their first step and 

the first step lacks a steady state velocity (Breniere et al., 1989). In young toddlers there 

is co-activation of the tibialis anterior, soleus, and gastrocnemeus muscles during walking 

(Myklebust, 1990). At this stage, toddlers do not dorsiflex their foot at the end of swing 

phase and the foot touches down with either a plantigrade foot posture or with the 

forefoot (i.e., toe-walking, Hallemans et al., 2003), lacking a true heel-strike (Myklebust, 

1990; Thelen et al., 1992).  
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Plantar pressure data of toddlers indicate that weight is distributed across the 

entire plantar surface of the foot including the medial foot pads, reducing pressure loads 

and shear forces acting on any one segment of the foot (Hennig et al., 1991; Hallemans et 

al., 2003; Bertsch et al., 2004). Plantigrady increases the area of the base of support 

beneath the foot, allowing for a high degree of stability, likely an important feature in 

young toddlers who lack balance control (Hallemans et al., 2003; Hallemans et al., 2006) 

and must produce high ankle and hip joint torques in order to recover stability following 

small perturbations (Roncesvalles et al., 2001). Toddlers also lack a lateral to medial roll-

over of the center of pressure beneath the foot that is characteristic of adult human 

bipedalism (Li et al., 1996; Bertsch et al., 2004).   

Ankle plantarflexion does not increase much throughout stance for toddlers and in 

addition they do not appear to create enough torque at the ankle during the end of stance 

phase to propel themselves forward into swing phase (Forssberg, 1985; Hallemans et al., 

2005). Thus, a plantigrade foot is lifted vertically off the ground at the end of stance. By 

the end of the first year of independent walking, peak pressures increase 20% beneath the 

hindfoot at the beginning of stance, decrease by 5% beneath the midfoot, and increase 

beneath the forefoot by 20% at the end of stance (Bertsch et al., 2004; Bosch et al., 2007).  

Lateral to medial roll-over of the foot throughout stance phase is present at 18 

months although a longitudinal arch is still absent (Bertsch et al., 2004). Moreover, single 

limb stance phase in toddlers is very short, a phenomenon Sutherland et al. (1980) 

attribute to an inability to control the ankle plantarflexors at less than 2 years of age. 

At two years old (around the beginning of the second year of independent 

walking), the ankle is dorsiflexed during swing phase (Samson et al., 2011) and less 

plantarflexed at touchdown than it is in toddlers (Forssberg, 1985). Antagonistic muscle 

maturity and a true heel-strike do not occur until 18 months (Sutherland et al., 1980; 
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Bertsch et al., 2004; Bosch et al., 2007) or 2 years (Myklebust, 1990). By two years the 

ankle plantarflexors are finally used in preparation for a distinct toe-off (Sutherland et al., 

1980).  

Although a longitudinal arch begins to form as soon as independent walking loads 

are imposed upon the foot, the longitudinal arch is not fully developed until four to six 

years (Bertsch et al., 2004). As age and the longitudinal arch height increase, peak 

pressure on the fore- and hindfoot increase while peak pressure is reduced from the mid 

and medial aspects of the foot, reaching adult conditions between five to six years 

(Hennig et al., 1994; Hallemans et al., 2003; Bertsch et al., 2004; Bosch et al., 2007; 

Alvarez et al., 2008).  

Ontogenetic changes have been reported for vertical and fore-aft forces in 

children. Vertical force traces in toddlers have a single peak in the first half of stance and 

lack the second peak in the latter half of stance that is associated with stiff knees, 

pendular gait, and toe-off in adults (Beck et al., 1981; Takegami, 1992; Pries et al., 1997; 

Li et al., 1996; Stansfield et al., 2001; Hallemans et al., 2003, 2006a; Kimura et al., 2005; 

Samson et al., 2011). While Hallemans et al. (2003, 2006a) found that by the third week 

of walking, vertical force traces resemble those of adults with two peaks separated by a 

valley at midstance, other studies suggest that adult-like vertical force patterns are not 

present until three to eight years of age (Beck et al., 1981; Takegami, 1992; Pries et al., 

1997; Li et al., 1996; Stansfield et al., 2001; Kimura et al., 2005; Samson et al., 2011). 

Kimura et al. (2005) and Samson et al. (2011) reported significant differences in fore-aft 

propulsive forces prior to lift-off in children and adults, with peak propulsive force 

increasing with age. Li et al. (1996) found that fore-aft forces in a single two year old 

child switched direction from braking to propulsion while the COP was beneath the 

hindfoot as opposed to the forefoot, as in adults. In a study of three to four year old 



 32 

children, Greer et al. (1989) also found that, compared to adults, the transition from 

braking to propulsion occurs earlier than in adults, at 37.7% of stance. Peak braking 

forces were also significantly higher in boys than girls (Greer et al., 1989). Mediolateral 

forces are relatively high during the beginning of stance in toddlers and decrease with age 

(Takegami, 1992; Cowgill et al. 2010, Samson et al., 2011). 

OBJECTIVES AND HYPOTHESES 

Before functional correlations can be investigated within foot bones, a better 

understanding of pedal forces that travel through specific foot bones in the presence and 

absence of heel-strike at touchdown and a hallucal toe-off in toddlers is needed.  Previous 

studies have set a valuable foundation for this study and I build on previous models in 

developing hypotheses. One exciting and specific area for examination which is relevant 

to understanding functional anatomy of the foot is to examine patterns associated 

specifically with the onset of heel-strike and a propulsive toe-off.  Although implied in 

previous studies of pedal forces in toddlers, those studies have grouped toddlers based on 

age without mentioning whether or not each age group used a heel-strike and toe-off and 

only a few studies included toddlers less than two years of age, meaning that these studies 

have likely only sampled toddlers who already use a heel-strike and toe-off. 

This chapter explores pedal forces in the youngest toddlers with very little 

walking experience and the analysis is focused on the specific kinematic events of heel-

strike and toe-off. This chapter investigates kinetic changes that occur throughout the first 

three years of independent walking (encompassing the transition from an absence of heel-

strike and hallucal toe-off to the presence of heel-strike and toe-off). These data aid in the 

larger goal of understanding how the loading patterns of the foot correlate with the bony 

anatomy of the foot (Chapters 3 and 4). 
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Developmental changes in foot posture allow me to test hypotheses about pedal 

loading regimes in the presence and absence of heel-strike and toe-off in humans. This 

study investigates the broad questions, How does the absence or presence of heel-strike at 

touchdown influence calcaneal loading in toddlers?, How does the absence or presence of 

heel-strike influence forefoot bone loading at lift-off?, and Are heel-strike and a 

propulsive hallucal toe-off developmentally linked? To address these questions, the 

following hypotheses were tested:  

1.       The location of the COP differs at touchdown, in preparation for lift-off, and at lift-

off between immature heel-strikers (IHS) and non heel-strikers (NHS). I predict 

that the COP will be beneath the calcaneus at touchdown in IHS. If the 

development of heel-strike is concomitant with the development of a functionally 

rigid foot, then I predict that the COP will be beneath the metatarsals at 70% of 

stance, and then beneath the hallux at lift-off in IHS.  

2.       The orientation of the GRFr differs between IHS and NHS. I predict that the GRFr 

will project more posteriorly at touchdown and more anteriorly at 70% of stance 

and lift-off in IHS than in NHS.   

3.       Since the GRFr is affected by both the vertical force (Fz) and the horizontal fore-

aft force (Fy), I also investigated changes in the relative contribution of each of 

these components to the GRFr. I hypothesize that the ratio of fore-aft to vertical 

forces (Fy/Fz) differs between IHS and NHS. I predict that, since a flat foot is 

placed on the ground and lifted vertically, fore-aft braking and propulsive forces 

will be relatively lower in NHS (i.e., Fy would be lower compared to Fz). 

4. Ankle and first metatarsophalangeal joint angles differ between IHS and NHS. I 

predict that the ankle is more dorsiflexed at touchdown and the first 

metatarsophalangeal joint is more dorsiflexed at 70% of stance and lift-off in IHS. 
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5. Ankle and first metatarsophalangeal joint moments differ between IHS and NHS. 

If IHS and NHS differ in the location of the COP relative to the ankle and first 

metatarsophalangeal joint, and magnitude of GRFr, then differences in joint 

angles are predicted to be associated with different joint moments.  

METHODS 

Human subject participation was approved by the Institutional Review Board, 

University of Texas at Austin, and informed consent was obtained from each 

participant’s guardian before participation. Cross-sectional, ontogenetic data were 

collected on eighteen subjects who could walk unassisted. Subjects were recruited based 

on the number of months since they began walking (i.e., their bipedal experience level). 

Subjects began the study at one of three bipedal experience levels: Level 1 (0.5-1 month 

experience), Level II (12-15 months experience), or Level III (24-27 months experience). 

The most inexperienced level was chosen to represent the period of no heel-strike or toe-

off through the initial transitional period during which these gait characteristics develop 

(by 18-24 months (Sutherland et al., 1980; Myklebust, 1990; Bertsch et al., 2004; Bosch 

et al., 2007). More experienced subjects (Levels II and III) represented the earliest stages 

of the maturing heel-strike and toe-off. Subjects ranged in age from 11.5 to 43.1 months 

old (Table 2.1).    

 Although some subjects came in for multiple sessions, only trials from each 

subject’s first session were analyzed for this dissertation (longitudinal analyses will be 

conducted in the future). None of the subjects touched down with their forefoot (i.e., 

there were no toe-walkers). Subjects were categorized as either immature heel-strikers (n 

= 7) or non heel-strikers (n = 11) (Table 2.1). In immature heel-strikers, the heel makes 

initial contact with the ground (Figure 1A). In (non toe-walking) non heel-strikers, the 

heel contacts the ground simultaneously with the mid and/or forefoot (Figure 1B). Non 
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heel-strikers ranged in age from 11.5 to 26.4 months old and had between 0.5 and 12.4 

months of walking experience.   Immature heel-strikers ranged in age from 16.8 to 41.3 

months old and had between 5.6 and 36.1 months of walking experience. On average, 

NHS were younger and had less walking experience than IHS. However, there was 

overlap in NHS and IHS because IHS subject 8 was significantly younger than all of the 

other IHS (16.8 months old with 5.6 months of walking experience).  

Biomechanical data were collected at the Developmental Motor Control 

Laboratory in the Department of Kinesiology and Health Education at the University of 

Texas at Austin. Kinematic data were collected at 120 Hz via a 10 camera Vicon MX 

motion analysis system that records 3D coordinate data of reflective markers. Cameras 

were mounted to the lab walls encircling two Bertec force plates. Twelve 6 mm reflective 

markers were placed on one foot with double-sided tape following a modified foot 

marker set of Stebbins et al. (2006) that was specifically validated for measuring foot 

biomechanics in children (Figure 2.2). Six millimeters was the smallest marker size that 

could reliably be seen by the camera system during walking trials. A marker was placed 

on the origin of the force plate so that the foot could be located in the global reference 

system of the lab. An additional marker was placed on the skin of the knee and hip. 

Lower limb length was measured with a cloth measuring tape as the distance from the hip 

marker to the ground when standing (to the nearest mm). At the end of each session, body 

weight was measured with a standing Detector scale (to the nearest half pound, later 

converted to kg and Newtons).        

At the beginning of each session, a static baseline trial was captured in which the 

subject stood with one foot on the force plate. During dynamic walking trials, barefoot 

subjects walked at a self-selected speed over two adjacent force plates that recorded 

ground reaction force data at 1200 Hz. Painter’s tape was put on the floor in the shape of 
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a path that traversed both force plates as a means of guiding toddler steps and ensuring 

that data were recorded while only one foot was on the plate at a time. The force plate 

was zeroed between each walking pass. Force data were automatically synchronized with 

Vicon and digital video data. Trials were manually started, set to automatically stop after 

30 seconds, and were reconstructed in Vicon Nexus 1.8.2. Raw kinematic and kinetic 

data were filtered using a fourth order zero-lag phase Butterworth low pass filter with a 

cut-off frequency of 12 Hz (kinematic) or 100 Hz (kinetic), as determined following 

methods of Winter (2005). Filtered kinematic and kinetic output data were exported to 

Excel for further analysis. Stride length was calculated as the distance the hip marker 

travels during a stride.  

Kinetic data were presented as the magnitude of the GRF vector in three 

dimensions (Fz = vertical, Fy = fore-aft, and Fx = mediolateral) as well as the location of 

the COP (COPx, COPy). Raw forces were normalized by dividing by body mass in 

Newtons (e.g., Fy/BM). The normalized vertical and fore-aft components of the GRF 

were used in order to calculate the magnitude and direction of the GRFr via the 

Pythagorean theorem [GRFr = √((Fy/BM)2 + (Fz/BM)2)] where BM is body mass. The 

GRFr angle was made a continuous variable (0° to 180°) by calculating the angle 

between the ground and the GRFr. The GRFr was directed anteriorly from 0° to 89°, 

perpendicular with the ground at 90°, and posteriorly directed from 91°-180. Ground 

reaction force resultant moment arms were calculated as the perpendicular distance from 

the ankle or MTPJ1 center of rotation to the GRFr while joint moments were calculated 

as the product of the GRFr magnitude and the GRFr moment arm.  

Three-dimensional marker coordinate data were used to calculate the distance 

between the COP and bony landmarks of the foot, thereby allowing for an accurate 

projection of the GRFr within each foot bone throughout a step (Figure 2.3). The location 
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of the COP under the heel during the first half of stance was determined using the 

calcaneus (CAL1), lateral calcaneus (LCAL), and sustentaculum tali (STAL) markers and 

represented as % calcaneal length and % heel width. The posterior calcaneus, near CAL1, 

was set as 0% calcaneal length and the anterior calcaneus, near LCAL, was set as 100% 

calcaneal length. The lateral heel at the level of LCAL was 0% heel width and the medial 

heel at the level of STAL was 100% heel width. An average coordinate (% heel width, % 

calcaneal length) is reported for IHS and for NHS.  The location of the COP under the 

forefoot during the second half of stance was determined using the base and head markers 

on the first (PMT1 and DMT1) and fifth metatarsals (PMT5 and DMT5), the TOE 

marker between the second and third metatarsal heads, and the hallucal distal phalanx 

marker (DHLX). In the forefoot, the relative position of the COP (i.e., percent of entire 

foot length or maximum foot width) is harder to compare across individuals and ages 

than it is in the hindfoot, because the location of the COP beneath the foot in the latter 

half of stance was highly variable. To take this variability into account and assess 

whether or not the COP was beneath the hallux, the forefoot was divided into four 

regions: hallucal metatarsal (MT 1), hallucal phalanges (i.e., hallux), lateral metatarsals 

(MT 2-5), and lateral toes (phalanges in digits 2-5). Thus, instead of reporting a single 

average % foot width/length coordinate of the COP during the push-off phase, a more 

biomechanically meaningful method was used in which the location of the COP under the 

forefoot was represented as the percent of time it fell under the hallux (i.e., an adult-like 

propulsive hallucal toe-off), first metatarsal, lateral toes, or lateral metatarsals.  

Ankle and first metatarsophalangeal joint angles were measured as the internal 

angle formed between the two segments surrounding the joint (i.e., when joint angle 

increases, the ankle or MTPJ 1 is plantarflexed). Since the knee marker was placed on the 

lateral side of the leg, the knee, lateral malleolus (LMAL), and fifth metatarsal head 
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(DMT5) markers were used to calculate the internal ankle angle. The medial malleolus 

(MMAL), first metatarsal head (DMT1), and hallucal distal phalanx (HDP) markers were 

used to calculate the medial MTPJ 1 angle. Ground reaction force moment arms were 

measured as the perpendicular distance from the GRFr to the joint center (i.e., LMAL for 

the ankle and DMT5 for the first metatarsophalangeal joint). Joint moments were 

calculated as the product of the moment arm length and the GRFr magnitude. 

Data were sampled at six points during a step: touchdown, impact peak, braking 

peak, 70% of stance (preparation for lift-off), propulsive peak, and lift-off (Figure 2.4). 

Touchdown was defined as the moment in time that the magnitude of the vertical GRF 

(Fz) reached or exceeded 10% of body weight. Impact peak occurred at the Fz maximum 

of the vertical GRF transient (i.e., the first Fz spike), braking peak was the Fy minimum, 

and propulsive peak was the Fy maximum. Lift-off was defined as the moment in time 

that the magnitude of Fz dropped back down to 10% of body weight. 

A total of sixty-three steps (IHS = 24, NHS = 39) in which the entirety of only 

one foot contacted the force plate were analyzed (Table 2.1). First and second steps (from 

a static standing position) were excluded. In other words, only steps that followed from a 

previous full stride were included. Additionally, all steps were independent such that if a 

subject took two successive good steps over the force plate in a walking pass, only one of 

these steps was included.   

Significant differences between IHS steps (n = 24) and NHS steps (n = 39) were 

tested for using a t-test. A dependent t-test was used to compare within IHS or NHS at 

different points in a stride (e.g., touchdown vs impact peak and impact peak vs braking 

peak). Although the number of steps differed between subjects, previous developmental 

studies favor an analysis of individual steps to reducing steps to a subject mean (in which 

case within group variability, rather than individual steps, is compared) (Jensen et al., 
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1994; Ulrich, 1994). To test for the effects of the subject, a sensitivity analysis was 

performed; however, even though there was a high degree of variability between steps, 

results of the sensitivity analysis did not suggest that any one subject was significantly 

influencing the results.  

RESULTS 

Mean hip height was significantly higher in IHS than NHS (p < 0.001) (Table 

2.2). There were no significant differences between NHS and IHS in stride length (p > 

0.05) (Table 2.2).  When all steps were combined, hip height was significantly positively 

correlated with stride length (p < 0.001) suggesting that toddlers with longer legs use 

longer strides (Figure 2.5).   

Location of the COP 
 

The COP was located under the heel at touchdown, impact peak, and braking 

peak more often in IHS than NHS (Figure 2.6). Additionally, the frequency with which 

the COP was under the heel decreased consistently and significantly from touchdown to 

impact peak and from  impact peak to braking peak in both IHS (p < 0.001) and NHS (p 

< 0.05).  Thus, in general, the COP did not simply stay under the calcaneus, but, relative 

to the entire foot, it translated forward as the step progresses from touchdown to braking 

peak. However, in 29% of IHS and 2% of NHS, the COP remained under the calcaneus 

from touchdown to impact peak. 

In order to trace the path of the COP beneath the calcaneus, when the COP was 

under the calcaneus, a more detailed analysis of the anteroposterior (COPy) and 

mediolateral (COPx) positions of the COP were compared at different points during early 

stance.  The mean position of the COP at touchdown in IHS was 40% of calcaneal length 

from the posterior edge and 32% of heel width (i.e., lateral) (Figure 2.7) (Table 2.3). 
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Location of the COP under the calcaneus at touchdown and impact peak in NHS was not 

significantly different from that of touchdown and impact peak in IHS (p > 0.05). When 

the COP was under the heel in IHS, the anteroposterior and mediolateral positions of the 

COP translated significantly more anterior (from 40% to 68% of calcaneal length) and 

medial (from 32% to 41% of heel width) from touchdown to impact peak (% length p = 

0.019; % width p = 0.046) but did not change significantly from  impact peak to braking 

peak (p > 0.05). When the COP was under the heel in NHS, the anteroposterior and 

mediolateral positions of the COP did not change significantly from touchdown to impact 

peak (p > 0.05). Although small sample sizes for the number of steps in which the COP 

was still under the calcaneus by braking peak precluded statistical analysis in NHS, the 

COP moved anteriorly from 67% calcaneal length at impact peak to 84% calcaneal length 

at braking peak. Thus, when the COP remained under the heel, its position relative to the 

calcaneus translated significantly anteromedially from touchdown to impact peak in IHS 

and likely shifted anteriorly from impact peak to braking peak in NHS. These results 

suggest that if the plantar aspect of the calcaneus experiences direct ground reaction 

forces (i.e., the GRFr is anchored beneath the calcaneus), then those loads are applied at a 

point that is more than half the length and a third of the width of the calcaneus (i.e., 

nearly centrally located on the lateral side of the bone). Interestingly and unexpectedly, 

this average position of the COP under the heel does not correspond to the bony medial 

or lateral plantar processes of the calcaneal tuber but instead suggests that the more 

anterior aspects of the heel pad may experience (and possibly mediate) high ground 

reaction forces during early stance in toddlers. However, it should be noted that the 

location of the COP is only an average, and so pressure is distributed beneath the entire 

heel when forces are highest.  
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  In both IHS and NHS, the COP was most often under MTs 2-5 at 70% of stance 

(90% and 94% of steps), propulsive peak (91% and 68% of steps), and lift-off (55% and 

50% steps) (Figure 2.8). The COP was positioned under MT 1 only in NHS. In both IHS 

and NHS, the frequency with which the COP was under toes 2-5 was highest at lift-off 

(20% and 30% of steps). The frequency with which the COP was under the hallux was 

highest at propulsive peak in NHS (21%) and at lift-off in IHS (25%). Therefore, only 

25% of IHS steps ended in a hallucal toe-off, while 5% of NHS steps ended with the COP 

under the hallux.  

Ground reaction forces 

Normalized braking forces (Fy) did not change significantly from touchdown to 

impact peak (p > 0.05) but increased from  impact peak to braking peak in IHS (p < 

0.001) (Figure 2.9) (Table 2.4).  In NHS, Fy increased  significantly from touchdown to 

impact peak (p < 0.001) and continued to increase from impact peak to braking peak (p < 

0.001).  Contrary to predictions, there were no significant differences in normalized Fy or 

Fy/Fz between NHS and IHS (p > 0.05) during the first half of stance (Figure 2.10). 

These results show that, even though NHS are stepping down with a fully plantigrade 

foot, they are applying the same relative braking forces (and are thus experiencing the 

same relative fore-aft ground reaction forces) as IHS.  However, normalized vertical 

force (Fz) was significantly higher in NHS than IHS at impact peak (p < 0.01) and 

braking peak (p < 0.01) (Figure 2.11). Additionally, GRFr magnitude was significantly 

higher in NHS than IHS at impact peak (p < 0.01) and  braking peak (p < 0.01) indicating 

that, compared to IHS, NHS experience high GRFs (e.g., mean NHS GRFr at impact 

peak = 92% BM and at breaking peak = 91% BM) during the first half of stance (Figure 

2.12).    
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In NHS and IHS, fore-aft forces increased significantly from 70% of stance to 

propulsive peak (NHS: p < 0.01, IHS: p < 0.01) and then decreased significantly from 

propulsive peak to lift-off (NHS: p < 0.001, IHS: p < 0.001) (Figure 2.9). Vertical force 

decreased significantly from 70% of stance to propulsive peak (IHS p < 0.001 ; NHS p < 

0.001) and from propulsive peak to lift-off (IHS p < 0.001; NHS p < 0.001) (Figure 2.11). 

At 70% of stance, IHS experienced a significantly higher Fz (p < 0.05), lower Fy/Fz (p < 

0.05), and a higher GRFr magnitude (p < 0.05) than NHS. There were no significant 

differences (p > 0.05) between NHS and IHS in Fy at any point during the second half of 

stance nor were there any significant differences (p > 0.05) in Fz, Fy/Fz (Figure 2.10), or 

GRFr magnitude at propulsive peak or lift-off. These results suggest that both NHS and 

IHS applied propulsive fore-aft forces late in stance. 

Direction of the GRFr 

At touchdown, the GRFr was more often directed posteriorly in IHS (87% of 

steps) than in NHS (62% of steps) (Table 2.5). However, at impact peak, the GRFr was 

more often directed posteriorly in NHS (87% of steps) than in IHS (73% of steps). Since 

braking peak was defined as the Fy minimum, the GRFr was always posteriorly directed 

at braking peak. Mean GRFr angles were calculated in two ways to explore this in detail: 

1) only steps in which the GRFr was posteriorly directed in order to assess the magnitude 

of the angle in all cases where it was posterior and 2) all steps (i.e., posteriorly and 

anteriorly directed GRFr). In IHS, there were no significant differences in mean GRFr 

angle between only posteriorly directed steps and all steps (p > 0.05).  At touchdown in 

NHS, the mean GRFr angle was significantly lower (i.e., the GRFr was directed less 

posteriorly) when all steps were considered than when only posterior steps were 

considered. However, even when all steps were considered at touchdown in NHS, the 

mean GRFr angle was still > 90° (Table 2.5), thus, the predominant direction of the GRFr 
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at touchdown, impact peak, and braking peak was posterior and the mean GRFr angle 

was > 90° in both IHS and NHS.  Results for all steps are discussed below (Figure 2.13) 

(Table 2.5).  

In IHS, mean angle of the GRFr at touchdown was 106°. Mean GRFr angle 

decreased significantly from touchdown to impact peak (96°) (p = 0.001) and then 

increased significantly from impact peak to braking peak (105°) (p < 0.001) in IHS 

(Figures 2.13 and  2.14)  (Table 2.5). As predicted at touchdown, mean GRFr angle was 

significantly higher (i.e., directed more posteriorly) in IHS than in NHS (97°) (p < 0.05). 

There were no significant differences in mean GRFr angle from touchdown  to impact 

peak (98°) but the GRFr angle did increase significantly from impact peak to braking 

peak (104°) in NHS (p > 0.05).  

At 70% of stance, the GRFr was anteriorly directed in 95% of IHS steps and 96% 

of NHS steps (Table 2.5) (Figures 2.13 and 2.15). At lift-off, the GRFr was anteriorly 

directed in 87% of IHS steps and 89% of NHS steps. Since propulsive peak was defined 

as the Fy maximum, the GRFr was always anteriorly directed at propulsive peak. No 

significant differences in GRFr angle were found between 1) only steps in which the 

GRFr was anteriorly directed and 2) all steps (p > 0.05). Thus, the predominant direction 

of the GRFr at 70% of stance and lift-off was anterior and the mean GRFr angle was < 

90° in both IHS and NHS. Results for all steps are discussed below.  

In IHS, mean GRFr angle at 70% of stance was 87°. GRFr angle decreased 

significantly (i.e., became more anteriorly directed) from 70% of stance to propulsive 

peak (81°) in both IHS (p < 0.001) and NHS (p < 0.001) but did not change significantly 

from propulsive peak to lift off in either group (p > 0.05) (Figures 2.13 and 2.15) (Table 

2.5). Contrary to predictions, at 70% of stance, mean GRFr angle was significantly higher 

(i.e., directed less anteriorly) in IHS (87°) than in NHS (85°) (p > 0.05). Also, contrary to 
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predictions, there were no significant differences in GRFr angle between IHS and NHS at 

propulsive peak or lift-off.  

Joint angles  

Ankle angle was calculated during early and late stance (Figure 2.16) (Table 2.6). 

At touchdown, mean ankle angle was 107° in IHS and 108° in NHS. For touchdown, 

impact peak, and braking peak, there were no significant differences in ankle angle 

within IHS, within NHS, or between IHS and NHS (p > 0.05).  This is interesting, 

because if NHS and IHS use the same ankle angle regardless of whether the heel or entire 

sole of the foot are in contact with the ground, then there are likely differences in knee or 

hip angles.  

Significant changes in ankle angle were observed during late stance. In immature 

heel strikers, ankle angle increased (i.e., the ankle plantarflexed) significantly from 70% 

of stance (91°) to propulsive peak (95°) (p < 0.05) and again from propulsive peak to lift-

off (108°) (p < 0.001). In NHS ankle angle did not change significantly from 70% of 

stance (95°) to propulsive peak (97°) (p > 0.05) but then increased significantly from 

propulsive peak to lift-off (110°) (p < 0.001). Thus, ankle plantarflexion increased 

consistently from 70% of stance to lift-off in IHS and from propulsive peak to lift-off in 

NHS. Although the mean ankle angle was higher in NHS than IHS at 70% of stance, 

propulsive peak, and lift-off, there were no significant differences between IHS and NHS 

ankle angle during late stance.  

The first metatarsophalangeal joint angle was calculated during the latter half of 

stance (Figure 2.17) (Table 2.6).  MTPJ 1 angle in IHS did not change significantly from 

70% of stance (163°) to propulsive peak (155°) (p > 0.05) but then decreased 

significantly (i.e., the MTPJ 1 dorsiflexed) from propulsive peak to lift-off (137°) (p  < 

0.05). In NHS, MTPJ 1 angle decreased significantly from 70% of stance (162°) to 
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propulsive peak (154°) (p < 0.05) but did not change significantly from propulsive peak 

to lift-off (147°) (p > 0.05). There were no significant differences between IHS and NHS 

MTPJ 1 angle at any point during late stance (p > 0.05). 

Joint moments 

Joint moments are influenced by the location of the COP, joint location, GRFr 

angle, and GRFr magnitude. To test for the effects of the location of COP on joint 

moments, the categories IHS and NHS were further broken down into steps during which 

the COP was beneath the calcaneus (at a specific point in early stance) and steps during 

which the COP was anterior to the calcaneus. Regardless of whether or not the COP was 

under the calcaneus, there were no significant differences in IHS or NHS ankle moment 

arm lengths or moments at touchdown, impact peak, or braking peak (p > 0.05) (Table 

2.7). Thus, even though NHS had a significantly higher GRFr magnitude than IHS at 

impact peak and braking peak, NHS were able to maintain ankle moments similar to 

those of IHS throughout early stance. In late stance, there were no significant differences 

in ankle moment arm lengths or moments between IHS and NHS (p > 0.05). 

Due to small sample sizes, significance in MTPJ 1 moments could not be tested 

for when the COP was under the hallux in the second half of stance. When the COP was 

not under the hallux, in both IHS and NHS, mean MTPJ 1 moment arm length was 

longest and mean MTPJ 1 moment was highest at 70% of stance and lowest at lift-off. 

Mean moment arm length and MTPJ 1 moment decreased significantly from 70% of 

stance to propulsive peak (p < 0.01) and from propulsive peak to lift-off (p < 0.001) in 

IHS. In NHS, moment arm length decreased significantly from propulsive peak to lift-off 

(p < 0.05) while MTPJ 1 moment decreased significantly from 70% of stance to 

propulsive peak (p < 0.05)  and  from  propulsive peak to lift-off (p < 0.001). When the 

COP was not under the hallux, MTPJ 1 moment arms were significantly longer and joint 
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moments were significantly higher in IHS than NHS at 70% of stance (p < 0.001) and 

propulsive peak (p < 0.05) (Table 2.8).  

DISCUSSION 

Heel-striking was observed as early as 16.8 months of age in a subject who had 

been walking for only 5 months. This is slightly younger than previously reported heel-

striking in toddlers who were 18 months old (Sutherland et al., 1980; Bertsch et al., 2004; 

Bosch et al., 2007). Pedal mechanics in toddlers are highly variable (i.e., standard 

deviations are high) and this variability may explain a lack of predicted significance 

between NHS and IHS for some measures. 

As predicted, during early stance the COP is more frequently under the calcaneus 

in IHS (as it is in adult humans) and is more often located anterior to the calcaneus in 

NHS. Following initial heel contact in IHS, the COP either stays in a relatively consistent 

location under the lateral calceneus or translates anteriorly so that it is no longer under 

the calcaneus by impact peak (6% of stance in IHS) or braking peak (8% of stance in 

IHS). Thus, in the majority of immature heel-strikers, the midfoot is rapidly brought into 

contact with the ground, which increases contact area with the ground and likely helps 

stabilize young walkers. Additionally, even though the angle of foot impact with the 

ground differed, IHS and NHS used similar ankle angles which implies that knee and/or 

hip angle differ between IHS and NHS.    

In adults, the knee is highly extended at heel-strike but then the lower limb 

becomes compliant and the knee flexes from touchdown to midstance (Sutherland et al., 

1980). Phillipson (1905) identified three stages in the walking cycle of adults. During the 

E1 stage, the leg actively extends at the end of swing phase, ending in foot contact at 

touchdown. The E2 stage is marked by flexion of the leg as body weight moves over the 

leg. The E2 stage ends at the deepest knee flexion. Ground reaction impact forces load 
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the leg, and knee flexion helps the leg store energy during the E2 stage. The E3 stage 

begins when the leg extends again and it ends at toe-off (Philipson, 1905).  In young 

toddlers, co-activation of antagonist leg muscles prior to two years of age stiffens the legs 

and may limit lower limb joint movements (Chagas et al., 2006). A lack of knee flexion 

following heel-strike results in a lack of an E2 stage of the Philipson’s cycle, the stage in 

which knee flexion helps absorb energy in adults (Thelen et al., 1992). 

Even though NHS place a flat foot on the ground, heel-strikers and non heel-

striking toddlers apply a similar braking force (relative to body mass) that increases from 

touchdown to braking peak. As such, the GRFr projects posteriorly to a similar degree 

throughout early stance in both IHS and NHS. In addition to relatively high fore-aft 

braking forces, NHS also experience substantially higher vertical forces than IHS at 

impact peak and braking peak. These high fore-aft and vertical forces contribute to a 

significantly higher GRFr magnitude at impact peak and braking peak in NHS (as high as 

1.5 times body mass). While impact transients as high as two to three times body mass 

have been reported during heel-strike walking in adults (Grueber et al., 1998; Wittle et 

al., 1999; Chi and Schmitt, 2005), little attention has been paid to impact spikes in 

children. Over-filtering kinetic data can remove the impact transient and result in the 

‘normal’ one hump force curve that has been described for children (Li et al., 1996; 

Hallemans et al., 2003, 2006a; Samson et al., 2011). Additionally, it is possible that 

previous studies of early walkers that did not report an impact transient were only 

sampling children who used a heel-strike and therefore had a lower vertical force to begin 

with. In some NHS, peak vertical force occurs at impact peak (e.g., Figure 2.7).  Vertical 

forces at impact peak are attenuated by the heel pad but still send a shock wave up the 

leg, causing degenerative joint damage in adults (Dickinson et al., 1985; Collins and 

Wittle, 1989; Smeathers, 1989; Gill and O’Connor, 2003a and b; Wakeling et al., 2003).  
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In the sample of toddlers examined in this chapter, IHS had significantly longer 

legs than NHS. As leg length increased, so did stride length. Although knee angle was not 

measured in this study, IHS may use longer strides with a long and extended leg, 

resulting in a heel-strike at touchdown. Since IHS had a significantly lower vertical force 

at impact, I would predict that IHS also used greater knee flexion to absorb the impact 

forces. Compared to runners who use a heel-strike, runners who use a fore-foot strike 

have been found to experience greater knee flexion along with significantly lower impact 

transients (Lieberman et al., 2010). Future analyses will investigate knee yield throughout 

midstance in this sample of toddlers. 

When the foot is preparing for lift-off (70% of stance and propulsive peak), the 

COP is most frequently located under MTs 2-5, and it often remains there through lift-off 

in both IHS and NHS. These results confirm previous reports that, unlike adult humans, 

toddlers lack a lateral to medial roll-over of the COP under the metatarsal heads (Li et al., 

1996; Bertsch et al., 2004). Contrary to predictions, fore-aft propulsive forces are 

similarly high at propulsive peak in IHS and NHS, when the COP is often still lateral to 

the hallux. Thus, this study has shown that, unlike adults, most toddlers apply propulsive 

forces (resulting in an anteriorly directed GRFr) when the entire width of their forefoot is 

in contact with the ground.These similarly high propulsive forces in IHS and NHS do not 

concur with previous reports that young toddlers do not activate their plantarflexors 

(Sutherland et al., 1980) or create enough torque at the ankle to propel themselves 

forward into swing phase (Forssberg, 1985; Hallemans et al., 2005).  

The COP is only under the hallux at lift-off in 25% of IHS and 5% of NHS, 

suggesting that even though most toddlers do use a propulsive lift-off, most toddlers lack 

a propulsive hallucal toe-off, a feature thought to define modern human bipedalism.  

These data suggest that heel-strike and toe-off are developmentally independent from one 
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another. In other words, young toddlers who lack a heel-strike can still toe-off while at 

the same time older toddlers who heel-strike do not necessarily toe-off. In the same sense, 

the evolution of heel-strike and associated mechanics are independent of the evolution of 

hallucal toe-off, an idea supported by the presence of a heel-strike in apes that lack a 

hallucal toe-off (Susman, 1983; Wunderlich et al., 1999; Vereecke et al., 2003; Bertsch et 

al., 2004; Crompton et al., 2008; Griffin et al., 2010). 

Evolutionary significance 

Heel-strike and a propulsive hallucal toe-off are developmentally and 

evolutionarily independent (i.e., African apes evolved a heel-strike without evolving a 

hallucal toe-off) from one another. In this context, the functional decoupling of two 

features thought to be distinctive hallmarks of human walking has important implications 

for how a mature modern human-like bipedalism is identified and defined in the fossil 

record. First, if the earliest habitual bipedalism was more similar to that of an immature 

than a fully mature adult human, then heel-strike may be difficult to identify. Most IHS 

quickly place the rest of their foot on the ground so that the COP is already anterior to the 

calcaneus when the vertical impact forces are highest or when the braking forces peak. 

With more of the foot in contact with the ground, these high forces should be dissipated 

throughout the foot, thereby reducing stress on any one bone or region of the foot. If 

trabecular bone remodels in response to toddlers and elevated localized strain (Lieberman 

et al., 2003; Pontzer et al., 2006), then the results of this study do not suggest that there 

should be a specific heel-strike signal within the calcaneus.   

Loading in the latter half of stance that is associated with a propulsive lift-off is 

more likely to influence trabecular morphology in foot bones. For example, high MTPJ 1 

moments from 70% of stance to propulsive peak should create compressive forces on the 

dorsal aspect of the MT 1 head as the joint is dorsiflexed at those times. However, high 
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ankle and MTPJ 1 moments in preparation for lift-off occur even when the COP is not 

located under the hallux. Thus, trabecular evidence of loading in the hind and forefoot 

would not necessarily provide evidence of a propulsive hallucal toe-off, but instead, a 

more general form of propulsion at the end of stance. Furthermore, toddlers lack a well-

developed longitudinal arch (Bertsch et al., 2004), yet they are still able to apply 

propulsive forces at the end of stance, calling into question the necessity of an arch in 

distinguishing facultative from habitual bipedalism in early hominins (Pontzer et al., 

2010; Ward et al., 2011).    

The presence/absence of heel-strike in a fossil hominin cannot be used to infer the 

presence/absence of a propulsive hallucal toe-off in that hominin. However, Latimer and 

Lovejoy (1989) hypothesize that if heel-strike and ‘active propulsion’ evolved 

independently (as opposed to as a single functional complex) in early hominins, then an 

active propulsion likely preceded the more ‘passive’ heel-strike. Thus, according to 

Latimer and Lovejoy (1989), evidence of a heel-strike is also evidence of a propulsive  

lift-off. Results of this chapter do not reject this hypothesis as long as ‘active propulsion’ 

does not refer to a specific hallucal toe-off.  

CONCLUSIONS 

This study is the first to examine differences in foot function within immature 

walkers in the specific context of the presence or absence of a heel-strike at touchdown. 

With a greater understanding of the forces acting on the foot bones of adults and now 

infant humans, it is possible to make predictions about loading regimes in an ontogenetic 

sample of humans (Chapters 3 and 4). Using an ontogenetic sample that includes humans 

who do and do not use a heel-strike and hallucal toe-off will allow for a more accurate 

identification of anatomical correlates to these specific gait events than if adult humans 

were analyzed alone. A posteriorly directed GRFr travels through the foot at the 
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beginning of stance phase in both NHS and IHS. However, since the COP is not often 

under the calcaneus when ground reaction forces peak, the direction of calcaneal 

trabecular loading in toddlers is hypothesized to differ from that of adult humans who 

heel-strike. Since the majority of both NHS and IHS lack a propulsive hallucal toe-off, 

the GRFr does not travel through the first metatarsal head or hallucal distal phalanx as it 

does in adult humans. Thus, I hypothesize that trabeculae in the first metatarsal head and 

hallucal distal phalanx of toddlers are not loaded in the same directed as those of adult 

humans. In Chapters 3 and 4 I test hypotheses about trabecular bone loading in foot 

bones, building off of the results of this chapter and previously proposed models of pedal 

mechanics in humans as well as African apes.  
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Figure 2.1:  Touchdown and lift-off.  

Images on the left show the moment of touchdown while images on the right show the 
moment of lift-off in a heel-striker (A and C) and a non heel-striker (B and D).  
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Figure 2.2:  Foot markers.  

(A) Lateral, (B) medial, (C) anterior, and (D) posterior views of a 4 year old toddler’s 
foot. The twelve marker model used in this study was modified from the marker model 
used by Stebbins et al. (2006). CAL1 = insertion for the calcaneal tendon; CAL2 = 
superior proximal aspect of the calcaneus; LCAL = distal most lateral aspect of the 
calcaneus (i.e., calcaneocuboid joint); LMAL = lateral malleolus of the fibula; MMAL = 
medial malleolus of the tibia; STAL = sustentaculum tali of the calcaneus; PMT1 = 
medial aspect of the 1st metatarsal base; PMT5 = dorsal aspect of the 5th  metatarsal 
base; DMT1 = dorsal aspect of the 1st metatarsal head; DMT5 = dorsal aspect of the 5th 
metatarsal head; TOE = dorsal aspect between the 2nd and 3rd metatarsal heads; DHLX 
= dorsal aspect of the distal hallucal phalanx.  
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Figure 2.3: Calculation of the position of the center of pressure under specific bones. 

Abbreviations as in Figure 2.2. Image modified from Scheuer and Sue (2004). 
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Figure 2.4 Identification and timing of gait events.  

Example vertical (solid black line) and fore-aft (solid gray line) ground reaction force 
trace. Red line marks zero force, above which forces are positive and below which 
ground reaction forces are negative. In this example, 10% of body mass in this individual 
is 20 Newtons, therefore touchdown (TD) occurs when the vertical GRF reaches 20 
Newtons. Impact peak (IP blue star) is defined as the initial maximum of vertical force 
(followed by a rapid decrease in vertical force). Braking peak (BP yellow star) occurs at 
the fore-aft force minimum. Propulsive peak (PP green star) occurs at the fore-aft force 
maximum. Lift-off (LO) occurs when the vertical force drops back down to 10% body 
mass (20 N again in this example).  
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Figure 2.5: Hip height vs. stride length.  
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Figure 2.6: Frequency with which the center of pressure is under the calcaneus. 
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Figure 2.7: Average location of the center of pressure under the calcaneus.  

Left: plantar view of the calcaneus within the foot, MPP = medial plantar process and 
LPP = lateral plantar process. Right: representative force curves for one non heel-striker 
(NHS) and one immature heel-striker (IHS). Red line shows vertical force and blue line 
shows fore-aft horizontal force. Touchdown (TD), braking peak (BP) and impact peak 
(IP) are highlighted in each image. Note the significantly larger vertical force during 
impact peak in the NHS. In this NHS, the peak vertical force for the entire step occurs at 
impact peak. Also note that these graphs plot data from one individual each, and that 
forces are highly variable in this sample of toddlers.  
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Figure 2.8: Location of the center of pressure under the forefoot in latter stance. 

Left image is modified from Scheuer and Sue (2004). 
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Figure 2.9: Mean and standard deviation plot of normalized fore-aft ground reaction 
forces.  

 
Black circles are immature heel-strikers and gray triangles are non heel-strikers. TD = 
touchdown, IP = impact peak, BP = braking peak, 70% = 70% of stance, PP = propulsive 
peak, and LO = lift-off.  
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Figure 2.10: Mean and standard deviation plot of fore-aft to vertical ground reaction 
forces.  

 
Black circles are immature heel-strikers and gray triangles are non heel-strikers. TD = 
touchdown, IP = impact peak, BP = braking peak, 70% = 70% of stance, PP = propulsive 
peak, and LO = lift-off. Asterisk indicates significant differences in normalized 
foreaft/vertical ground reaction forces between immature heel-strikers and non heel-
strikers at impact peak and braking peak.    
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Figure 2.11: Mean and standard deviation plot of normalized vertical ground reaction 
forces.  

 
Black circles are immature heel-strikers and gray triangles are non heel-strikers. TD = 
touchdown, IP = impact peak, BP = braking peak, 70% = 70% of stance, PP = propulsive 
peak, and LO = lift-off. Asterisks indicate significant differences in normalized vertical 
ground reaction forces between immature heel-strikers and non heel-strikers at impact 
peak and braking peak.   
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Figure 2.12: Mean and standard deviation plot of normalized ground reaction force 
resultant magnitudes.  

Black circles are immature heel-strikers and gray triangles are non heel-strikers. TD = 
touchdown, IP = impact peak, BP = braking peak, 70% = 70% of stance, PP = propulsive 
peak, and LO = lift-off. Asterisk indicates a significant difference in normalized ground 
reaction force resultant magnitude between heel-strikers and non heel-strikers at impact 
peak.  
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Figure 2.13: Mean and standard deviation plot of ground reaction force resultant angles.  

 
Black circles are immature heel-strikers and gray triangles are non heel-strikers. Red 
dotted line is drawn at 90°, above which the GRFr angle is anterior and below which the 
GRFr is posterior. TD = touchdown, IP = impact peak, BP = braking peak, 70% = 70% of 
stance, PP = propulsive peak, and LO = lift-off.  
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Figure 2.14: Ground reaction force resultant angle during early stance.  

Mean GRFr angle is shown as the red arrow. Gray arrows show the minimum and 
maximum GRFr angle for each point in early stance in immature heel-strikers (top) and 
non heel-strikers (bottom). Location of the center of pressure (black circle, anchor point 
of the GRFr) is an approximation based on mean calcaneal length when the COP was 
under the calcaneus. Length of arrow does not represent GRFr magnitude. 
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Figure 2.15: Ground reaction force resultant angle during late stance.  

Mean GRFr angle is shown as the red arrow. Gray arrows show the minimum and 
maximum GRFr angle for each point in early stance in immature heel-strikers (top) and 
non heel-strikers (bottom). Location of the center of pressure (black circle, anchor point 
of the GRFr) is an approximation based on the prevalence of the COP under the second to 
fifth metatarsals during late stance in both groups of toddlers. Length of arrow does not 
represent GRFr magnitude. 
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Figure 2.16: Mean and standard deviation plot of ankle angle. 

 
Black circles are immature heel-strikers and gray triangles are non heel-strikers. TD = 
touchdown, IP = impact peak, BP = braking peak, 70% = 70% of stance, PP = propulsive 
peak, and LO = lift-off.  
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Figure 2.17:  Mean and standard deviation plot of the first metatarsophalangeal angle. 

 
Black circles are immature heel-strikers and gray triangles are non heel-strikers. TD = 
touchdown, IP = impact peak, BP = braking peak, 70% = 70% of stance, PP = propulsive 
peak, and LO = lift-off.  
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Table 2.1: Toddler walking sample. 

 
Subject Age (months) months walking body mass (kg) H (cm) steps 

      
IHS 

     
1 38.7 24.2 14.5 45.5 2 

2 40.2 28.2 13.6 44.5 2 

6 43.1 35.1 14.1 42.6 5 

7 36.4 25.9 14.5 42.8 2 

8 16.8 5.6 7.3 32.8 3 

9 33.8 20.3 13.9 38.5 5 

12 30.2 17.2 11.4 38.7 5 

AVE (SD) 34.2 (8.7) 22.3 (9.4) 12.8 (2.6) 40.8 (4.41) 
 

TOTAL 
    

24 

      
NHS 

     
3 11.7 0.5 10.0 31.5 2 

4 21.5 7.5 11.9 39 4 

5 26.4 12.4 11.4 39.6 4 

10 16.9 4.9 11.1 31.5 5 

11 18.0 5.0 10.2 34.9 3 

13 12.3 1.6 9.8 32.1 5 

14 15.3 0.8 9.9 32.3 5 

15 12.7 1.7 10.9 30.6 2 

17 15.8 3.0 11.4 31.9 2 

18 11.5 3.0 10.2 29.7 2 

19 16.3 0.3 11.0 31.7 5 

AVE (SD) 16.2 (4.6) 3.7 (3.7) 10.7 (0.7) 33.2 (3.29) 
 

TOTAL 
    

39 
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Table 2.2: Means and standard deviations of stride length and hip height. 

 

 
IHS (n = 24) NHS (n = 39) 

 

Hip height 0.41 (0.04) 0.33 (0.03) p < 0.0001 

    
Stride length 0.50 (0.13) 0.44 (0.11) NS 
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Table 2.3: Location of the COP under the calcaneus in early stance.  

Asterisk indicates that the sample size was too low (n = 1) to calculate a standard 
deviation. 
 
 

  
% calcaneus length 

  
% heel width 

 

         

  
IHS NHS 

  
IHS NHS 

 
touchdown 

 
40 (23.59) 48 (32.32) NS 

 
32 (15.01) 40 (14.69) NS 

         
impact peak 

 
68 (23.68) 67 (3.19) NS 

 
41 (8.46) 37 (3.89) NS 

         
braking peak 

 
48 (15.9) 84* - 

 
46(9.95) 34* - 
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Table 2.4: Means and standard deviations of ground reaction forces.  

NS = no significant differences between immature heel-strikers (IHS) and non heel-strikers (NHS) for a given variable. 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
normalized Fy 

  

 
 
 
 
 
 
 
 
normalized Fz 

  

 
 
 
 
 
 
 
 

normalized Fy/Fz 

  

normalized GRFr 
magnitude 

 

 
IHS NHS 

  
IHS NHS 

  
IHS NHS 

  
IHS NHS 

 

                
touchdown -0.04 (0.03) -0.02 (0.04) NS 

 
0.12 (0.01) 0.12 (0.02) NS 

 
0.32 (0.20) 0.28 (0.28) NS 

 
0.12 (0.02) 0.12 (0.02) NS 

                
impact peak  -0.07 (0.09) -0.12 (0.11) NS 

 
0.69 (0.30) 0.90 (0.30) p = 0.005 

 
0.13 (0.11) 0.16 (0.11) NS 

 
0.70 (0.30) 0.92 (0.30) p = 0.003 

                
braking peak -0.17 (0.07) -0.22 (0.10) NS 

 
0.67 (0.25) 0.89 (0.32) p = 0.007 

 
0.28 (0.13) 0.26 (0.12) NS 

 
0.69 (0.25) 0.91 (0.33) p = 0.005 

                
70% stance 0.06 (0.04) 0.08 (0.04) NS 

 
0.95 (0.08) 0.89 (0.10) p = 0.015 

 
0.06 (0.04) 0.09 (0.06) p = 0.032 

 
0.95 (0.08) 0.89 (0.10) p = 0.011 

                
propulsive peak 0.11 (0.05) 0.12 (0.04) NS 

 
0.75 (0.15) 0.71 (0.16) NS 

 
0.18 (0.08) 0.19 (0.06) NS 

 
0.75 (0.15) 0.72 (0.16) NS 

                
lift-off 0.02 (0.02) 0.01 (0.02) NS 

 
0.11 (0.01) 0.11 (0.01) NS 

 
0.18 (0.14) 0.13 (0.20) NS 

 
0.11 (0.01) 0.11 (0.02) NS 
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Table 2.5: Means and standard deviations of ground reaction force resultant angles. 

.

 
IHS 

 
NHS 

 

 
 

% of steps GRFr is 
posterior 

 
 

GRFr angle- only 
posterior steps 

 
 

GRFr angle- all 
steps 

  

 
 

% of steps GRFr is 
posterior 

 
 

GRFr angle- only 
posterior steps 

 
 

GRFr angle- all 
steps 

 

          
touchdown 87 109° (8.22) 106° (11.30) NS 

 
62 107° (11.02) 97° (16.38) p = 0.02 

          
impact peak  73 98° (5.88) 96° (7.62) NS 

 
87 100° (5.76) 98° (7.19) NS 

          
braking peak 100 105° (6.34) 105° (6.34) - 

 
100 104° (5.73) 104° (5.73) - 

          

 
 

 
% of steps GRFr is 

anterior 

 
GRFr angle- only 

anterior steps 

 
GRFr angle- all 

steps   

 
% of steps GRFr is 

anterior 

 
GRFr angle- only 

anterior steps 

 
GRFr angle- all 

steps 
 

          
70% stance 95 86° (2.10) 87 (2.20) NS 

 
96 85° (3.11) 85° (3.02) NS 

          
propulsive peak 100 81° (4.05) 81° (4.05) - 

 
100 80 (4.11) 80 (4.11) - 

          
lift-off 87 80° (7.50) 82 (4.66) NS 

 
89 81° (6.44) 83° (10.16) NS 
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Table 2.6: Means and standard deviations of ankle angle and first metatarsophalangeal angle.  

 

 
  

 
Ankle angle 

  
MTPJ 1 angle 

 

 
IHS NHS 

  
IHS NHS 

 

        
touchdown 107 (7.51) 108 (7.81) NS 

    

        
impact peak 108 (9.11) 106 (8.31) NS 

    

        
braking peak 106 (8.81) 103 (9.19) NS 

    

        
70% stance 91 (4.70) 95 (11.07) NS 

 
163 (15.45) 162 (12.31) NS 

        
propulsive peak 95 (7.67) 97 (13.10) NS 

 
155 (19.80) 154 (14.43) NS 

        
lift-off 108 (8.17) 110 (13.38) NS 

 
137 (13.9) 147 (14.72) NS 
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Table 2.7: Means and standard deviations of ankle moment arm and moment. 

 
Asterisk indicates that the sample size was too small to calculate a standard deviation. 

 
 
 
 
 
 
 
 
 

 
 
 
 
 

Ankle moment arm (m) 

 

 
 
 
 

Ankle moment (N m/kg) 

 
COP under calcaneus  COP anterior to calcaneus  COP under calcaneus  COP anterior to calcaneus 

 
IHS NHS 

  
IHS NHS 

  
IHS NHS 

  
IHS NHS 

 

                
touchdown 0.02 (0.01) 0.02 (0.01) NS 

 
None 0.03 (0.02) - 

 
0.003 (0.002) 0.003 (0.002) NS 

 
None 0.003 (0.002) - 

                
impact peak  0.04 (0.03) 0.04 (0.03) NS 

 
0.04 (0.02) 0.04 (0.02) NS 

 
0.02 (0.02) 0.04 (0.04) NS 

 
0.03 (0.02) 0.03 (0.01) NS 

                
braking peak 0.03 (0.03) 0.04 (0.02) NS 

 
0.04 (0.02) 0.03* - 

 
0.02 (0.02) 0.04 (0.03) NS 

 
0.03 (0.02) 0.03* NS 

                
70% stance 

    
0.07 (0.04) 0.05 (0.03) NS 

     
0.06 (0.04) 0.04 (0.03) NS 

                
propulsive peak 

    
0.05 (0.03) 0.05 (0.03) NS 

     
0.04 (0.02) 0.04 (0.02) NS 

                
lift-off 

    
0.06 (0.03) 0.06 (0.03) NS 

     
0.01 (0.001) 0.01 (0.003) NS 
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Table 2.8: Means and standard deviations of first metatarsophalangeal joint moment arm and moment.  

Asterisk indicates that the sample size was too small to calculate a standard deviation.

 
 
 
 
 
 
 

 
 
 

MTPJ 1 moment arm (m) 
 

 
 
 

MTPJ 1 moment (N m/kg) 

 

COP under hallux  COP not under hallux  COP under hallux  COP not under hallux 

 

IHS NHS 
  

IHS NHS 
  

IHS NHS 
  

IHS NHS 
 

                
70% stance None None - 

 
0.08 (0.03) 0.05 (0.03) p < 0.001 

 
None None - 

 
0.08 (0.03) 0.04 (0.02) p < 0.001 

                
propulsive peak 0.07* 0.03 (0.01) - 

 
0.06 (0.03) 0.04 (0.02) p = 0.011 

 
0.05* 0.02 (0.01) - 

 
0.05 (0.03) 0.03 (0.02) p = 0.011 

                lift-off 0.01 (0.01) 0.01 (0.005) NS 
 

0.02 (0.01) 0.02 (0.01) NS 
 

0.001 (0.001) 0.001 (0.0001) NS 
 

0.002 (0.001) 0.002 (0.001) NS 
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Chapter 3: Ontogeny of pedal trabecular bone morphology I: 
Anatomical correlates to heel-strike at touchdown. 

INTRODUCTION 

During heel-strike plantigrady, the heel makes initial contact with the substrate at 

touchdown (Schmitt and Larson, 1995). Among primates, heel-strike plantigrady is 

restricted to bipedal humans (Elftman and Manter, 1935; Napier, 1967; Tuttle, 1970) and 

quadrupedal bonobos (Vereecke et al., 2003) chimpanzees, gorillas (Elftman and Manter, 

1935; Tuttle, 1970; Susman, 1983; Reynolds, 1985; Gebo, 1992; Meldrum, 1993; Schmitt 

and Larson, 1995; Wunderlich, 1999), and orangutans (Reynolds, 1985; Meldrum, 1993; 

Schmitt and Larson, 1995; but see Gebo, 1992, 1993). Pedal mechanics (e.g., forces and 

moments) at touchdown change throughout bipedal development in humans (see review 

in Chapter 2) and have been proposed to differ between humans and African apes 

(Elftman and Manter, 1935; Tuttle, 1970; Susman, 1983; Reynolds, 1985; Wunderlich, 

1999). In association with these functional differences, there are also reported differences 

in the external anatomy of the human and African ape calcaneus (Laidlaw, 1904, 1905; 

Weidenreich, 1922, 1923, 1940; Morton, 1935; Straus, 1963) that have led researchers to 

conclude that the adult human calcaneus is adapted to withstand relatively high impact 

forces during a bipedal heel-strike (Latimer and Lovejoy, 1989; Lewis, 1989; Deloison, 

1991; Gebo, 1992). The presence or absence of modern human external calcaneal 

features in fossil hominins and the nature and timing of the origin of bipedalism remains 

an area of considerable debate (Latimer and Lovejoy, 1989; Alemseged et al., 2006; 

Zipfel et al., 2011; DeSilva et al., 2013). As an attempt to better isolate bony features 

associated with mature human bipedal heel loading at foot contact, this study takes an 

ontogenetic and micro-architectural approach by examining internal bone morphology 
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throughout development in a sample of hominoids that are assumed to differ in calcaneal 

loading patterns during early stance.  

To add to our knowledge of calcaneal functional morphology in hominoids, this 

chapater examines the internal trabecular structure of the calcaneus. Trabecular bone, a 

network of tiny struts (individual trabeculae) that lie deep to external cortical bone, is 

found throughout the skeleton including a significant proportion of the tarsals (Currey, 

1984). It has been proposed that trabecular remodeling during an individual’s lifetime 

aligns trabeculae with the direction of principal loads, a concept known as Wolff’s Law 

(Meyer, 1867; Wolff, 1892; Odgaard et al., 1997). Experimental and modeling data 

suggest that there is a correlation between external loading, trabecular fabric properties 

(e.g., degree of trabecular organization (anisotropy), the ratio of trabecular bone to total 

volume (bone volume fraction)) and trabecular elastic properties (e.g., Young’s modulus 

and shear modulus) (Hodgskinson and Currey, 1990; Turner et al., 1990; Goldstein et al., 

1996; Odgaard et al., 1997; Kabel et al., 1999; Ulrich et al., 1999). For example, 

relatively stiff trabecular bone has a relatively high bone volume fraction (BV/TV). 

Together, degree of anisotropy (DA) and BV/TV account for over 92% of yield strength 

and up to 80% of Young’s modulus variance (Turner, 1990; Ulrich et al., 1999).  

As BV/TV increases from one year to eight years of age in the human femur 

(Ryan and Krovitz, 2006) and tibia (Gosman and Ketcham, 2009), so does DA and 

trabecular thickness (Tb.Th). Trabecular fabric properties in the femoral and humeral 

head of primates scale allometrically; BV/TV scales with positive allometry while DA 

scales with negative allometry suggesting that larger bodied primates have exceptionally 

dense but relatively isotropic trabecular struts (Ryan and Shaw, 2013). Significant 

correlations among trabecular fabric properties and allometric scaling suggest that certain 
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combinations of trabecular fabric properties may be more efficient or idealized than 

others and are better adapted to resisting stereotypical loading.  

While some studies suggest that interspecific trabecular bone comparisons may be 

informative and useful in identifying locomotor correlates within bones (e.g., Oxnaard 

and Yang, 1981; Oxnaard, 1993; Rafferty, 1998; Macchiarelli et at. 1999; Rook et al., 

1999; Fajardo and Muller, 2001; Ryan and Ketchem, 2002a,b, 2005; Richmond et al., 

2004; Ryan and van Rietbergen, 2005; Maga et al., 2006; Mazurier et al., 2006; Griffin et 

al., 2010; Barak et al., 2011; Zeininger et al., 2011), others have not found a relationship 

between trabecular architecture and locomotor behavior (Fajardo et al., 2007; Carlson et 

al., 2008; Ryan and Walker, 2010; DeSilva and Devlin, 2012; Shaw and Ryan, 2012). 

This study investigates the question: Do predicted loading patterns during bipedal heel-

strike result in a unique internal heel-strike signal within adult human calcanei? 

Foot postures and predicted loading patterns 

Interpreting the presence or absence of heel-strike at touchdown from calcaneal 

anatomy presumes a relationship between load and calcaneal anatomy in humans and 

African apes. Primarily, researchers have focused on compressive loads associated with 

heel-strike and early phases of load acceptance. However, interpretations of relationships 

between load and calcaneal morphology are complicated both by limited information on 

forces at heel strike in humans who do and do not heel-strike and by a paucity of 

information about additional sources of loading during other phases of the gait cycle, 

including tensile loading from the triceps surae tendon at and after heel-strike. 

Experimental and simulation data on foot posture in humans and non-human primates 

have led to several models and estimations of calcaneal position during heel strike.  It is 

worth noting that, especially in the case of the apes, these are estimations based on 
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skeletal or cadaveric joint manipulations and assumptions about foot orientation and 

calcaneal position (e.g., Lewis, 1983 and Latimer et al., 1987). Nonetheless, such studies 

provide a foundation for hypotheses about the direction and magnitude of loading of the 

calcaneus.  

The patterns of heel-strike affect the timing, location, and magnitude of loading 

on the calcaneus. When the heel touches down in front of the whole body center of mass 

in bipeds, the foot applies a downward vertical force as well as a horizontal forward 

(fore-aft) force that slows the body down (a so-called braking force), resulting in an 

upward and backward (posteriorly) oriented braking ground reaction force resultant 

(GRFr) (Alexander, 2004). During heel-strike in adult humans the hindfoot touches down 

in a slightly inverted position (Elftman and Manter, 1935). The center of pressure (COP) 

of the foot, which serves analytically as the anchor point of the ground reaction force 

resultant (GRFr), lies beneath the calcaneus (Elftman, 1934; Elftman and Manter, 1935; 

Grundy et al., 1975; Czerneicki, 1988). During human bipedal walking the foot and leg 

experience an impact transient spike at heel-strike (Grueber et al., 1998; Wittle et al., 

1999; Chi and Schmitt, 2005). This impact transient, a shock wave generated by the 

change in momentum of the foot as it comes to a rapid stop, can be seen in the vertical 

force traces recorded by a force plate.  The heel pad, calcaneus, and the additional bones 

of the ankle and leg and associated muscles act as a shock absorber (see Wittle, 1999; Chi 

and Schmitt, 2005). The heel pad attenuates impact forces as high as two to three times 

body mass during heel-strike walking in adult humans (Grueber et al., 1998; Wittle et al., 

1999; Chi and Schmitt, 2005).  

An analysis of the relationship between load and bone can benefit from 

comparing anatomy across ontogeny and across taxa.  Although the absence/presence of 

heel-strike changes throughout ontogeny in humans, foot mechanics during early stance 
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phase are remarkably conservative (Chapter 2). Toddlers lack a heel-strike at touchdown 

(Chapter 2). Heel-strike has been observed as early as 16.8 months (Chapter 2), 18 

months (Sutherland et al., 1980; Bertsch et al., 2004; Bosch et al., 2007) or two years of 

age (Myklebust, 1990). Regardless of whether or not a heel-strike is used at touchdown, 

when the COP is located beneath the calcaneus in toddlers, it is positioned about half way 

down the length of the calcaneus on the lateral side of the heel (Chapter 2). However, the 

rest of the foot is rapidly placed on the ground, and thus, in both immature heel-striking 

(IHS) and non heel-striking (NHS) toddlers, the COP is most frequently anterior to the 

calcaneus when braking and vertical forces are highest (i.e., at impact and braking peak) 

(Chapter 2). Fore-aft braking forces are similar and the GRFr projects posteriorly to the 

same degree in NHS and IHS toddlers even though vertical forces and the magnitude of 

the GRFr are significantly higher at impact peak and braking peak in NHS (Chapter 2). 

Results from Chapter 2 suggest that the mid lateral calcaneus of IHS receives relatively 

low, posteriorly directed ground reaction forces at touchdown but that, when the 

magnitude of the GRFr is highest, the GRFr does not actually pass directly through the 

posterior calcaneal tuber in the majority of IHS or NHS toddlers.   

During heel-strike at touchdown in knuckle-walking chimpanzees and bonobos 

(Pan), the foot is inverted to a higher degree than in humans (Elftman and Manter, 1935; 

Vereecke et al., 2003). Vereecke et al. (2003) refer to this lateral hindfoot contact (and 

sometimes simultaneous lateral midfoot contact) of apes as an ‘inverted type’ plantigrady 

(InvertHS). Although gorillas have also been described as using an inverted heel-strike, 

plantar pressure data on a single gorilla suggest that gorillas may invert their hindfoot to a 

lesser degree than Pan (Crompton et al., 2012). Peak pressure and maximum vertical 

force throughout stance phase are highest beneath the hindfoot at heel-strike during 

knuckle-walking in adult chimpanzees (Wunderlich, 1999; Li et al., 2004). Braking 
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forces under the foot are relatively low in adult chimpanzees because braking forces are 

higher under the hands in adults (Kimura et al., 1977). However, in two year old infant 

chimpanzees, peak braking forces under the foot are higher than those under the hand 

(Kimura, 1987). Although there are no published data on pedal forces in gorillas, it is 

assumed that braking forces in all quadrupedal knuckle-walkers are relatively similar. 

Since the foot experiences braking forces at the beginning of stance, it is predicted that, 

as in humans, the GRFr projects posteriorly at touchdown in African apes (although there 

are no published data on the exact location of the COP under the foot in infants or the 

angle of the GRFr during heel-strike in adult or infant African apes). Since the lateral 

border of the heel contacts the substrate at heel-strike in Pan (Elftman and Manter, 1935; 

Vereecke et al., 2003), it has been proposed that the calcaneus itself is rotated (Lewis, 

1983; DeSilva et al., 2013). Placing cadaver ape feet in simulated walking positions, 

Lewis (1983) suggested that the calcaneus may be rotated to such a degree that even the 

lateral aspect of the calcaneus, including the peroneal trochlea, may be weight-bearing.  

However, the exact position of the calcaneus within the foot at touchdown is hard to 

determine in living animals without cineradiography.    

External calcaneal anatomy 

The human calcaneus has been described as adapted to withstand high cyclical 

loading at heel-strike (Morton, 1935; Latimer and Lovejoy, 1989; Gebo, 1992). For 

example, volume of the calcaneal tuber (minimum cross-sectional area times calcaneal 

tuber length) in humans is high for their body mass indicating that humans have a robust 

calcaneal tuber (Morton, 1935; Latimer and Lovejoy, 1989).  Additionally, humans have 

a broad plantar surface of the calcaneal tuber (Latimer and Lovejoy, 1989) with a unique 

lateral plantar process (Laidlaw, 1904, 1905; Weidenreich, 1922, 1923, 1940; Straus, 
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1963; Latimer and Lovejoy, 1989; Deloison, 1991) that gives the calcaneal tuber cross-

section a trapezoidal shape (Figure 3.1). The lateral plantar process is believed to increase 

the area of contact between the calcaneus and ground (Latimer and Lovejoy, 1989), 

assuming the calcaneus is rotated in such a position to place the process in contact with 

the substrate. However, direct loading of lateral plantar process during walking has not 

been experimentally tested even though Lewis’ (1983) cadaveric study is often cited as 

evidence that the lateral plantar process is load-bearing). Additionally, it is important to 

note that even in the unfused proximal calcaneal apophysis of juvenile human calcanei 

(who are not necessarily loading their calcaneus yet), the lateral plantar ‘cornu’ is present 

(Latimer and Lovejoy, 1989).  

Compared to adult humans, chimpanzees and gorillas have a significantly lower 

calcaneal volume/body mass ratio (Latimer and Lovejoy, 1989). Interestingly, while adult 

chimpanzees and gorillas lack a lateral plantar process (Laidlaw, 1904, 1905; 

Weidenreich, 1922, 1923, 1940; Straus, 1963; Latimer and Lovejoy, 1989; Deloison, 

1991), subadults have a lateral apophyseal flange that may be a homologous structure 

(Latimer and Lovejoy, 1989). Lacking a lateral plantar process, the cross-sectional shape 

of the calcaneal tuber in chimpanzees and gorillas is more ovoid than in humans, with 

gorillas having a relatively wider proximal base than chimpanzees (Latimer and Lovejoy, 

1989) (Figure 3.2). Yet, a relatively small and narrow calcaneal tuber in chimpanzees and 

gorillas does not preclude heel-strike plantigrady. Of course, the ability to heel-strike on a 

relatively narrow calcaneal tuber could be explained by the fact that quadrupedal African 

apes support at least some of their body weight with their forelimbs during walking 

(Kimura et al., 1979).  
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Trabecular architecture in the primate calcaneus 

To date, only two studies have compared calcaneal trabecular architecture among 

hominoids (Maga et al., 2006; Kuo et al., 2013). Each of these studies focused on a 

volume of interest (VOI) near the insertion of the calcaneal tendon, however, Maga et al. 

(2006) found significant differences between humans and apes while Kuo et al. (2013) 

did not. According to Maga et al. (2006), previously modeled (Giddings et al., 2000) 

principal strain trajectories in the proximal calcaneus correspond with primary trabecular 

orientations in a proximal VOI of human calcanei located near the insertion of the 

calcaneal tendon. However, great apes that plantarflex the foot during pedal grasping and 

climbing share with humans an anteroplantar to posterodorsal (AP-PD) trabecular 

orientation (i.e., trabecuale align with the action of the calcaneal tendon) (Maga et al., 

2006). Although the primary direction of proximal calcaneal trabeculae does not 

distinguish among adult hominoids, Maga et al. (2006) found that human trabeculae have 

a higher DA and a high elongation index (E), indicating that in addition to being more 

anisotropic, human trabeculae are oriented along a stronger primary axis than the plate-

like trabecular struts of great apes (Maga et al., 2006). Calcaneal trabecular thickness 

(Tb.Th), the average size of each trabecular strut, is similar between humans and great 

apes (Maga et al., 2006). Compared to great apes, BV/TV in human calcanei is 

unexpectedly lower, suggesting less densely packed trabecular struts (Maga et al., 2006).  

To expand our understanding of the relationship between calcaneal loading and 

trabecular architecture, this study investigates trabecular fabric properties (DA, BV/TV, I 

(isotropy index), E, and Tb.Th) in a new VOI located in the plantar aspect of the 

calcaneal tuber in a comparative sample of hominoids whose foot posture use, degree of 

heel contact and loading are predicted to vary (infant and adult humans, chimpanzees 

(Pan troglodytes), bonobos (Pan paniscus), and gorillas (Gorilla gorilla)) (Figure 3.1).   
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OBJECTIVES AND HYPOTHESES 

The objective of this chapter is to identify trabecular correlates to an adult modern 

human-like heel-strike within the calcaneus. This study tests the specific hypothesis that 

trabecular morphology (i.e., fabric properties and orientation) in calcanei of mature 

bipedal heel-strikers (HS; adult humans) differs from that of immature heel-strikers (IHS; 

two to four year old humans), non heel-striking toddlers (NHS; one to two year old 

humans), and African ape inverted heel-strikers (InvertHS; all African apes).  

1.  I hypothesize that adult human foot bones preserve trabecular evidence of a 

mature bipedal heel-strike. In intraspecific comparisons of adult human HS vs 

human two to four year old IHS and one to two year old NHS, I predict that adult 

human HS exhibit a higher degree of anisotropy, bone volume fraction, 

elongation index, and trabecular thickness as well as a different primary 

trabecular orientation. Specifically, trabeculae in the proximo-plantar calcaneal 

tuber are predicted to be oriented in the anteroplantar to posterodorsal (AP-PD) 

direction, in alignment with the direction of the GRFr passing through the 

calcaneus at touchdown in adult human HS (Figure 3.2). In other words, 

trabecular fabric properties are predicted to change as foot posture changes 

throughout ontogeny in humans.  

2. Since it is assumed that all African apes use an inverted heel-strike at all ages, I 

hypothesize that, in intraspecific comparisons, trabecular fabric properties do not 

differ with age in any African ape taxon. Likewise, in interspecific comparisons, I 

predict that there will not be significant differences between chimpanzees, 

bonobos, and gorillas of comparable age.  

3. I hypothesize that differences in the position and thus loading of the calcaneus at 

touchdown between adult humans and African apes results in different patterns of 
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trabecular orientation. If touching down with a more inverted foot is mechanically 

different from the adult human heel-strike (i.e., braking forces are relatively lower 

and the calcaneus is inverted to a higher degree than in adult human HS), then in 

interspecific comparisons of adult humans to adult African apes, I predict that 

apes will have a significantly lower DA, BV/TV, E, and Tb.Th, and a more 

mediolateral primary trabecular orientation (i.e., anterolateral to posteromedial, 

AL-PM) (Figure 3.3). 

4. In humans, I hypothesize that trabecular fabric properties are correlated in such in 

a manner that is most efficient in resisting loads. Following the results of previous 

ontogenetic studies (Ryan and Krovitz, 2006; Gosman and Ketcham, 2009), I 

predict that BV/TV will be positively correlated with DA and Tb.Th.  

5. I hypothesize that pedal trabecular fabric properties scale with allometry. 

Following Ryan and Shaw (2013), I predict that BV/TV scales with positive 

allometry and DA scales with negative allometry in all taxa. 

METHODS 

Sample 

Table 3.1 lists the entire sample for this study. Human foot bones came from the 

Norris Farms #36 cemetery skeletal collection, housed at Pennsylvania State University. 

Remains of this Oneota culture are on loan from the Illinois State Museum and date to 

1300 AD (Milner and Smith, 1990). Human remains consist of over one hundred juvenile 

skeletons that are excellently preserved. Age ranges for the humans were previously 

determined based on tooth crown formation and dental eruption patterns (Milner and 

Smith, 1990). The Oneota population was likely habitually unshod (Milner and Smith, 

1990). However, in a comparison of metatarsal head trabecular architecture in shod vs. 
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unshod archaeological populations, Griffin et al. (2010) did not find any significant 

differences between the two foot wear groups. Human foot bones were categorized as 

adult (18-35 years old), infant 2 (Infant 2: 2-4 years old), or infant 1 (Infant 1: 1-2 years 

old). Although there is some variation in timing of heel-strike development in toddlers, 

these infant age categories correspond well with the use of a non heel-strike or immature 

heel-strike foot posture; 91% of all non heel-strikers were less than two years old and 

86% of all immature heel-strikers were between two and four years old in the Chapter 2 

study. However, since there are no biomechanical data for the specific individuals in this 

calcaneal sample, humans are referred to by their age category (and not their assumed 

foot posture category) throughout most of the results. Interpretations of the results based 

on foot posture are included in the discussion.   

African ape (Pan troglodytes sp., Pan paniscus, and Gorilla sp.) foot bones were 

selected from the American Museum of Natural History (AMNH) in New York City and 

the Smithsonian Institution’s National Museum of Natural History (NMNH) in 

Washington, DC. African ape ages were determined based on African ape dental eruption 

patterns (Dean and Wood, 2003). African ape foot bones were categorized as adult (exact 

age unknown), infant 2 (P.t. = 3.5-5 years; P.p. = 3.5-5 years; G.g. = 3-4 years), or infant 

1 (P.t. = 1.5-2.5 years; P.p. = 1.5-2 years; G.g. = 0.5-2 years). All of the African apes 

were wild specimens except for the infant (Infant 1 and Infant 2) gorillas, which were 

mostly captive.  

The human, chimpanzee and bonobo, and gorilla Infant 1 categories are not 

necessarily developmentally equivalent. Confident terrestrial knuckle-walking does not 

occur until two to three years in wild chimpanzees, at which time, they are occasionally 

still carried by their mothers (Doran, 1992). Although there are no published data on foot 

posture development in infant apes, a heel-strike has been observed in a three year old 
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captive bonobo (N. Griffin, personal communication) and three year old wild 

chimpanzees (L. Sarringhaus, personal communication). Wild gorillas begin knuckle-

walking at an early age, between ten and fifteen months, at which time they are roughly 

equivalent in both body size and locomotor behavior to two year old chimpanzees 

(Doran, 1997). Heel-strike has been observed in seven month old captive gorillas 

(personal observation), suggesting that the Infant 1 and Infant 2 gorilla and at least Infant 

2 chimpanzees and bonobo calcanei experienced heel-strike. As with the humans, African 

apes are referred to by age category throughout most of the results. Lacking evidence to 

the contrary, it is predicted that all ages of African apes touch down with an inverted 

heel-strike. However, if trabecular patterns change with age in African apes, then, as in 

humans, heel-strike may develop gradually throughout ontogeny in apes. 

Scanning protocols 

Human calcanei were scanned in the OMNI X HD-600 high resolution industrial 

X-ray CT scanner (Varian Medical Systems, Lincolnshire IL) at the Center for 

Quantitative Imaging, Pennsylvania State University (PSU). The entire calcaneus was 

placed in florist foam and scanned vertically. Scans were collected with a source energy 

of 180 kv at a current of 0.11 mA. Field of view ranged from 21.86 to 57.43 mm, 

resulting in an interpixel (x, y) range of 0.021 to 0.056 mm and interslice (z) spacings of 

0.020 to 0.056 mm. Human scans were collected with 2400 to 3600 projections and 2 or 

3 frames per projection. All human foot bones were scanned with the highest possible 

resolution for their size (0.021 to 0.056 mm).  

CT scans of African ape calcanei were collected at the High Resolution X-ray CT 

Facility, University of Texas at Austin.  All calcanei were scanned at the highest possible 

resolution available for their size (0.0252 to 0.0521 mm) with an attempt to standardize 
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conditions across scanners. Scans were collected with a source energy of 180 kv at a 

current of 0.22 mA. Field of view ranged from 25.88 to 53.42 mm, resulting in an 

interpixel (x, y) range of 0.025 to 0.051 mm and interslice (z) spacings of 0.0271 to 0.056 

mm. In order to optimize scan time and quality, test scans of an adult chimpanzee 

calcaneus were run at 1400/2, 1800/2, and 2400/2 (projections/frames per projection ). 

No significant differences were found (p > 0.05), and thus African foot bone scans were 

collected with 1800 views and 2 samples per view. Although the scan settings are not 

identical across scanners, resolutions are as comparable as they can be for each size 

protocol (personal communication with Matt Colbert and Rich Ketcham) (see Resolution 

Effects below).   

Volumes of interest 

CT scan image stacks were converted from 1024 x 1024 16-bit TIFFs to 8-bit 

TIFFs in ImageJ, thereby reducing gray levels from 65,536 to 256 without affecting 

resolution. Using the program Quant3D (Ketcham and Ryan, 2004), trabeculae were 

sampled from within a spherical volume of interest (VOI) in each calcaneus. Spherical 

VOIs were chosen over cubic VOIs in order to avoid corner edge effects (Ketcham and 

Ryan, 2004). An effort was made to place VOIs in biomechanically homologous 

locations (Maga et al., 2006; Fajardo and Mueller, 2001; Lazenby et al., 2011; Kivell et 

al., 2011) since shape changes throughout ontogeny make choosing anatomically 

homologous VOIs across ages difficult (Ryan and Krovitz, 2006) and there is a lot of 

interspecific shape variation in complex bones such as the tarsals and carpals (Maga et 

al., 2006; Kivell et al., 2011). In humans, the VOI was placed in the plantar aspect of the 

calcaneal tuber, half way between the lateral and medial plantar processes (Figure 3.2). In 
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the African apes (who lack a lateral plantar process), the VOI was placed in the medial 

plantar process.  

Recent studies highlight the importance of scaling VOIs in interspecific and 

ontogenetic analyses in order to avoid oversampling trabeculae in small individuals 

(Lazenby et al., 2011; Kivell et al., 2011). Following Maga et al. (2006), each VOI was 

scaled to calcaneal length, with the VOI diameter as 1/7 the maximum anteroposterior 

length of the calcaneus. Calcaneal length was measured on three-dimensionally 

reconstructed image stacks in Avizo 7.1 (Visualization Sciences Group, Burlington, MA). 

Since small VOIs may not satisfy the continuum assumption (Hoffler et al., 2000), all 

VOIs were visually inspected to ensure that they contained at least five trabecular struts 

(Harrigan et al., 1988). VOI diameters ranged in size from 3.4 mm to 10.6 mm (Table 

3.2). Although defining the transition between cortical or densely packed subchondral 

bone and the deeper trabecular struts can be difficult, a conservative effort was taken to 

place each VOI as close to the perimeter of the bone as possible while ensuring that the 

three-dimensional VOI only contained trabecular struts.  

CT scan analysis 

CT scans were analyzed in Quant3D. Since bones were not necessarily scanned in 

anatomical (or a consistent) position, anatomical axes were manually re-defined for each 

bone prior to analysis. A separate threshold was applied to each VOI using an iterative 

segmentation algorithm (Ridler and Calvard, 1978; Trussel, 1979). The star volume 

distribution (SVD) method was used to calculate the trabecular fabric properties of each 

VOI. The SVD method measures fabric anisotropy by calculating the distance between 

trabecular struts in various dimensions throughout a stack of CT slices. Briefly, a set of 

points are randomly selected from within a VOI. Cones are drawn from each point and 
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stopped when they encounter trabecular struts, resulting in a numerical quantification of 

anisotropy in the form of a 3 X 3 orientation matrix. Following Griffin et al. (2010) and 

Ryan and Walker (2010), Quant3D was set to select 2,049 uniformly distributed 

orientations at 8,000 random points. Primary, secondary, and tertiary trabecular 

orientations are represented by the eigenvectors (directions) and eigenvalues (magnitude) 

of the matrix (Ketcham and Ryan, 2004; Maga et al., 2006). These eigenvectors and 

eigenvalues are used to determine trabecular fabric properties. Primary and tertiary 

eigenvalues are used to calculate the degree of anisotropy (DA) within a VOI [DA = 

primary/tertiary eigenvalue]. A DA of 1 represents an isotropic structure. As the DA 

value increases, so does the degree of anisotropy. Bone volume fraction is calculated as 

the ratio of bone voxels (BV) to total voxels (TV) in a given VOI [Bone volume fraction 

= BV/TV]. A high BV/TV ratio indicates densely packed trabecular struts. Additionally, 

the elongation index is calculated as [E = 1-(secondary/primary eigenvalue)]. A high E is 

associated with a strong primary trabecular orientation (rod-like) while a lower E means 

the trabeculae have a weaker primary orientation and are more plate-like. The isotropy 

index, I, is inverse of DA [ I = tertiary/primary eigenvalue]. Trabecular thickness (Tb.Th) 

is measured as the shortest distance from a randomly selected point within a VOI to a 

trabecular strut (Ketcham and Ryan, 2004). In order to visually compare trabecular 

direction within a bone between individuals, ages, and species, color-coded rose diagrams 

were created in Quant3D and stereoplots of primary eigenvectors were created in Excel. 

To quantitatively visualize the sphere, plate, or rod-like shape of trabeculae, ternary plots 

of eigenvalues were created in Excel.  

Reproducibility of the SVD method for quantifying trabecular fabric properties 

was tested by randomly selecting eight VOIs and re-running analyses five more times 

using all of the original parameters. Percent variation due to the SVD method in Quant3D 
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(0.2-0.5%) is within the range of previously published variations using similar methods 

(e.g., 0.5%: Maga et al., 2006; 0.06-0.6%: Gosman and Ketcham, 2009).  

Resolution effects 

Since calcanei were scanned at a range of resolutions (voxel dimensions), recent 

studies recommend testing for the effects of resolution on trabecular fabric properties. 

While some parameters have not been found to vary with resolution, other parameters 

such as trabecular thickness (Gosman and Ketcham, 2009; Ryan and Shaw, 2012) and 

bone volume fraction (Gosman and Ketcham, 2012) are often resolution dependent. Four 

Infant 1 calcanei (one from each species) were used to assess resolution dependency in 

this sample. Infant 1 calcanei were selected because it is most important to ensure that 

resolution was sufficiently high in the smallest bones. Following the methods of Ryan 

and Shaw (2012), a VOI was extracted from each calcaneus and then down-sampled to 

one higher (0.02) and four lower (0.03, 0.04, 0.05, and 0.06) spatial resolutions using the 

Resample module with a Lanczos filter in Avizo 7.1. These resampled resolutions 

encompass the full range of resolutions used in this study. Using the methods described 

above for the original analysis, trabecular parameters were calculated from the resampled 

VOIs in Quant3D. A least squares linear regression was run for each variable (DA, 

BV/TV, I, E, and Tb.Th), however, none of these variables were significantly correlated 

with voxel size (p > 0.05) in this sample of calcanei.   

Body Size 

It is assumed that this interspecific sample of both large-bodied ape and human 

infants and adults spans a wide range of body sizes. Body mass was not previously 

recorded for any individual in this sample. Although femoral head breadth (FHB) is 

likely the most reliable proxy for body mass (Ruff, 2003), FHBs were not always 
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available for this sample. Calcaneal length correlates well with femoral head breadth 

throughout ontogeny in great apes (calcaneal length vs. FHB, R = 0.96) (Dunsworth, 

2006). Furthermore, foot posture and loading may be more affected by bone length (e.g., 

moment arm lengths and moments) than body mass. Thus, in order to test for scaling 

effects on trabecular fabric properties, a reduced major axis (RMA) regression of log10 

values for calcaneal length and each trabecular variable was conducted in PAST and 

isometry was evaluated using 95% confidence intervals. However, it should be noted that 

since the proximal apophysis was still cartilaginous in the infant foot bone sample, it was 

missing in the infant human sample and almost always absent in the infant African ape 

sample. As such, adults of all taxa (whose calcaneal length included the fully fused 

apophysis) were grouped together while infants of all taxa (whose calcaneal length did 

not include the apophysis) were grouped together in each RMA regression.  

Statistical analysis  

For a given age category, pair wise intraspecific and interspecific differences in 

DA, BV/TV, I, E, and Tb.Th were compared using an unpaired t-test. Since a single VOI 

was compared multiple times (at least ten times in interspecific analyses; ten times for P. 

troglodytes in intraspecific analyses), to account for multiple comparisons, a Bonferroni 

correction was used in order to prevent a type 1 error, thus lowering the significance cut-

off from p < 0.05 to p < 0.005. Correlations among variables were tested for using 

Pearson correlation coefficients. To test for trabecular scaling relationships in hominoid 

calcanei, reduced major axis (RMA) regression was conducted for all humans, 

chimpanzees and bonobos (Pan), and gorillas.  

In addition to pair wise comparisons, a holistic approach was taken in which 

trabecular parameters were considered together. A discriminant function analysis (DFA) 
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was conducted in order to test whether a suite of trabecular fabric properties could 

distinguish among foot posture categories (i.e., HS, IHS, NHS, Pan InvertHS, and 

Gorilla InvertHS). Thus, multivariate results will be presented according to foot posture 

category instead of age category with adult humans = HS, Infant 2 humans = IHS, Infant 

1 humans = NHS, combined chimpanzee and bonobo age categories = Pan InvertHS, and 

combined gorilla age categories = Gorilla InvertHS. To account for the effect of body 

size, residuals from the RMA regression for calcaneal length and each variable were 

entered into a DFA with foot posture as the grouping variable (following Ryan and Shaw, 

2012). A canonical correlations analysis was run and root 1 was plotted against root 2 to 

visualize results. All statistical tests were run in Statistica 10 (www.statsoft.com) and 

unless otherwise noted, statistical significant was set at p < 0.05.  

RESULTS 

Intraspecific comparisons 

Table 3.3 reports the results for each taxon at each age for DA, BV/TV, I, E, and 

Tb.Th. For each trabecular variable, pairwise comparisons were made for age groups 

within a taxon (Table 3.4). In humans, trabecular thickness was significantly higher in 

adults than the Infant 2 group (p < 0.001) (Figure 3.5). Although the human Infant 1 

group was too small to test for statistical significance, trends can be noted. For example, 

human Infant1 individuals had a lower mean Tb.Th (Figure 3.5) suggesting that calcaneal 

trabecular thickness increases with age in humans. In addition, compared to the adult and 

Infant 2 group means, human Infant 1 individuals had a lower BV/TV (Figure 3.7) 

suggesting that calcaneal trabecular architecture in one to two year old humans is less 

densely packed with thinner trabecualr struts than two to four year olds and adults. 

http://www.statsoft.com/
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In chimpanzees, Tb.Th was significantly higher in adults than Infant 1, but only 

before the Bonferonni correction (Table 3.3) (Figure 3.5). Likewise, BV/TV was 

significantly higher in chimpanzee adults than Infant 2 and adults than Infant 1 (p < 0.05) 

only before the Bonferonni correction (Table 3.3) (Figure 3.6). The one Pan paniscus 

adult had a lower DA, but a higher BV/TV and a higher Tb.Th than the Infant 2 

individual. Although there were no significant differences (p > 0.05) between gorilla 

adult and Infant 2 group means, the gorilla Infant 1 individual had a higher DA (Figure 

3.7), lower BV/TV, and a lower Tb.Th than the older group means.  

Elongation index did not differ significantly in any of the intraspecific 

comparisons (Table 3.4). Ternary diagrams plot I and E on the same graph and the 

location of data points on the plot represents the relative shape of trabeculae. Data points 

that fall near the top apex of the graph are isotropic and spherical. Points that fall in the 

lower half of the graph are anisotropic, with points in the lower left as planar discs and 

points in the lower right as unidirected rods. Trabeculae in all humans (Figure 3.8) are 

relatively anisotropic, however, trabeculae in adult humans appear to be the most disc-

like while Infant1 individuals appear to be the more rod-like. In all chimpanzees (Figure 

3.9), bonobos (Figure 3.10), and gorillas (Figure 3.11), trabeculae are relatively 

anisotropic and disc-like (i.e., points cluster in the lower left portion of the graphs).  

Along with degree of anisotropy and relative trabecular shape, color-coded rose 

diagrams help visualize the primary trabecular orientation. The primary trabecular axis is 

also represented in stereoplots. Points that fall toward the left or right of a stereoplot have 

a mediolateral primary orientation while points located near the top or bottom of the 

stereoplot have a dorsoplantar primary orientation. The axis coming directly into/out of 

the stereoplot is the anteroposterior axis so points that fall in the center of the plot are 

primarily along this A-P axis. Trabeculae in Infant 1, Infant 2 and adult humans are 
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oriented along the A-P axis (Figure 3.12), however, the specific trabecular orientation is 

anteroplantar to posterodorsal (AP-PD; i.e., in line with direction of the GRFr at 

touchdown) in Infant 2 and adult humans but anterodorsal to posteroplantar (AP-PD) in 

Infant 1 humans (Figure 3.13).  

In all chimpanzee age categories, calcaneal trabeculae are also oriented along the 

A-P axis (Figure 3.12) but the primary orientation is anterodorsal to posteroplantar (AD-

PP; i.e., not in line with the predicted direction of the GRFr at touchdown) (Figure 3.14). 

The bonobo adult and Infant 2 individual show a similar trabecular orientation to 

chimpanzees (AD-PP) (Figure 3.15). Gorillas resemble adult bonobos in that their 

primary axis is A-P but slightly dorso-plantar (Figure 3.12). The primary trabecular 

orientation is AD-PP in Infant 1 and Infant 2 individuals, but more consistently A-P in 

adults (Figure 3.16).  

Interspecific comparisons 

Pair wise comparisons were conducted between humans and chimpanzees, 

humans and gorillas, and chimpanzees and gorillas for the adult and Infant 2 age 

categories (Table 3.5). Bonobos were not included in statistical analyses because there 

was only one adult and one Infant 2 bonobo calcaneus. Likewise, Infant 1 results were 

excluded from statistical analyses due to small sample sizes across taxa in this age 

category. Contra predictions, there were no significant differences between any pair of 

taxa for any trabecular variables in either the adult or Infant 2 age categories (p > 0.5) 

(Table 3.5). However, although trabeculae in humans and all African apes are aligned 

along a primary A-P axis, specific primary trabecular orientation did differ between 

(adult and Infant 2) humans and all African apes. Humans were the only taxon to exhibit 

an AP-PD primary trabecular orientation that is in line with the predicted direction of the 
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GRFr at touchdown. Therefore, the second hypothesis is supported by only one of the 

variables examined here, primary trabecular orientation. 

Correlations and Allometric Scaling 

For each genus, all age categories were combined in order to test for correlations 

among trabecular properties in hominoid calcanei (Table 3.6). Contrary to predictions, 

there were no significant correlations among trabecular variables in humans. In Pan, DA 

is significantly negatively correlated with elongation index (r = -0.91, p < 0.05) (i.e., 

anisotropic trabeculae are disc-like). Gorillas show a different pattern than humans and 

Pan, in which nearly all trabecular fabric properties are highly correlated (Table 3.6). For 

example, DA is significantly negatively correlated with BV/TV and E but positively 

correlated with Tb.Th (i.e., anisotropic trabeculae are less densely packed, disc-like, and 

thick) in gorillas.   

Reduced major axis regression showed that there were no significant correlations 

(p > 0.05) among calcaneal length and any trabecular fabric property in infants. As such, 

there was no need to assess allometric scaling relationships in infants. In adults, BV/TV 

was the only variable significantly correlated with calcaneal length; BV/TV in adults was 

significantly negatively correlated with calcaneal length (r = -0.63, p < 0.05). Since 

BV/TV is a shape variable, if BV/TV scales with isometry, then there is no expected 

shape change. In other words, the expected isometric slope for a shape variable is zero 

(Ryan and Shaw, 2013). In adults, bone volume fraction scaled with significant negative 

allometry since the slope was significantly lower than zero (slope = -1.0432, 95% 

confidence interval = -1.593 to – 0.359, p = 0.03). Thus, large adult hominoids have a 

relatively lower bone volume fraction than would be expected if BV/TV scaled with 

isometry.   
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Multivariate analyses 

A canonical correlations analysis produced two significant discriminant functions 

(roots) (p < 0.001). Root 1 accounts for 69% of trabecular variance while root 2 accounts 

for 56% of variance (Figure 3.18). Root 1 is most highly correlated with degree of 

anisotropy and trabecular thickness while root 2 is mostly highly correlated with bone 

volume fraction and isotropy index (Table 3.8). An F-test of between group separations 

shows that adult human HS are significantly different from Infant 1 NHS and Pan 

InvertHS. Pan InvertHS is also significantly different from Infant 1 NHS, and Gorilla 

InvertHS. Interestingly, Gorilla InvertHS is not significantly different from adult human 

HS or Infant 1 NHS. (Table 3.9). The clear separation of the two NHS individuals can be 

seen in Figure 3.18. Interestingly, there is substantial overlap among adult human HS and 

Gorilla InvertHS, however, both of these groups show very little overlap with Pan 

InvertHS. 

Of the thirty two individuals in this sample, the disciminant functions correctly 

classified twenty three (71.88% correct) (Table 3.10). Only 60% of adult human heel-

strikers, and 40% of Infant 2 HIS were classified correctly. One of the two (50%) 

predicted non heel-strikers was classified correctly. However, almost all of the inverted 

heel-strike Pan (92%) and inverted heel-strike gorillas (75%) were classified correctly. 

These results suggest that the trabecular architecture in both Pan can be distinguished 

from that of humans, and that Pan and Gorilla can also be distinguished from one 

another.   

DISCUSSION 

This study tested five hypotheses. The first hypothesis was that the trabecular 

architecture in a postero-proximal VOI of adult human heel-strikers has a unique pattern 

that differs from that of younger, (presumably) immature heel-strikers and (presumably) 
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non heel-striking toddlers. This hypothesis was supported by the result that trabecular 

thickness is significantly higher in adult humans than Infant 2 humans. Calcaneal 

trabeculae in all humans are aligned along an anteroposterior axis and in both adult 

humans and Infant 2 humans the primary trabecular orientation is AP-PD, in line with the 

direction of the proposed GRFr. This similar orientation in both immature and mature 

human bipeds suggests that calcaneal loading at touchdown in Infant 2 humans may 

actually be high or stereotypical enough to induce trabecular remodeling. Although 

primary trabecular orientation did not differ with age in humans, the predicted AP-PD 

primary orientation in adult humans differed from that of all African apes. Differences in 

trabecular orientation between age groups in African apes and between African ape taxa 

do not support the second hypothesis that trabecular fabric properties do not change with 

age in InvertHS African apes.  

Evidence to support the third hypothesis, that calcaneal trabecular structure in 

adult human HS is significantly different from that of InvertHS African apes was 

supported by the result that only humans have an AP-PD primary trabecular orientation. 

However, this orientation is shared by HS and IHS. Moreover, although Tb.Th is 

significantly higher in HS than IHS, the mean HS Tb.Th falls within one standard 

deviation of the adult chimpanzee range. Thus, although trabecular orientation or 

thickness cannot distinguish adult human HS when considered alone, it is the unique 

combination of relatively thick trabecular struts that have a primary AP-PD orientation 

(in a proximoplantar calcaneal VOI) that is specific to adult humans and may be useful in 

identifying a mature heel-strike in fossil hominins. 

The difference in trabecular orientation in adult human HS and InvertHS is 

interesting, although the InvertHS pattern is not what would be expected if the calcaneus 

is highly inverted at touchdown. If the calcaneus is laterally rotated such that the lateral 
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side of the medial plantar process (and possibly even the lateral peroneal trochlea as 

proposed by Lewis (1983)) contacts the ground and is weight-bearing, then vertical 

forces should travel mediolaterally (M-L) or, if braking forces help direct the GRFr 

posteriorly, then the GRFr should still project AP-PD but with a strong secondary M-L 

orientation (Figure 3.3). None of the African apes had a primary or secondary M-L 

orientation. Furthermore, the AD-PP primary orientation in African apes does not fit any 

predicted models of calcaneal loading at heel-strike. There are three possible reasons for 

these unexpected results. First, the African ape calcaneus may not be highly inverted at 

touchdown (contra Lewis, 1983 who did not actually observe foot position in moving 

animals). Second, calcaneal loading at touchdown may not be sufficient to induce 

trabecular remodeling. Finally, since foot function in African apes is more variable than 

in humans (e.g., apes use their foot during grasping and climbing on terrestrial and 

arboreal substrates), the trabecular pattern seen in the medial plantar process may be 

indicative of a different form of loading.  Experimental analyses of pedal biomechanics in 

an ontogenetic sample of African apes would greatly enhance our ability to interpret 

possible loading signals in these taxa. 

This study identified significant relationships among multiple trabecular 

properties.  Previous ontogenetic studies of the human femur (Ryan and Krovitz, 2006) 

and tibia (Gosman and Ketcham, 2009) found that as BV/TV increases from one to eight 

years of age, so does DA and Tb.Th. Contrary to these previous findings, results of this 

study do not support hypothesis four; this study did not find significant correlations 

among DA, BV/TV, and Tb.Th in humans. However, there are significant and strong 

correlations between most trabecular fabric properties in gorillas, suggesting that 

efficiently modeled trabecular struts may advantageous in a large bodied hominoid 

calcaneus.  
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Previous studies that have found allometric relationships among trabecular 

properties and femoral head height in primates (Ryan and Shaw, 2013) and body mass in 

primates (Cotter et al., 2009) and other mammals (Doube et al., 2001). Using an 

ontogenetic sample, the current study found that almost all trabecular fabric properties 

examined here are not significantly correlated with calcaneal length. Thus, hypothesis 

five can not be adequately evaluated because calcaneal length may not the best measure 

with which to assess allometric scaling relationships in hominoid foot bones. Contrary to 

predictions, large adult hominoids have a relatively lower bone volume fraction in the 

proximoplantar aspect of the calcaneus than would be expected if BV/TV scaled with 

isometry. A relatively low bone volume fraction in the calcaneus of larger hominoids is 

interesting and suggest that interspecific differences in adult BV/TV are likely influenced 

by body mass and may not be indicative of differences in loading alone. Future analyses 

should consider a volumetric measure of the calcaneus as a better body mass proxy. An 

ontogenetic analysis of allometry using calcaneal length was not possible because the 

proximal calcaneal apophysis was missing in infants but present in adults. With a broader 

range of body masses than the current adult body mass range, an ontogenetic study may 

have yielded significant correlations between body mass and pedal trabecular fabric 

properties.  

Although sample sizes were small, results of the DFA suggest that, compared to 

individual trabecular fabric properties, considering suites of trabecular properties may be 

more useful in distinguishing heel-strike foot postures in hominoids. Interstingly, while 

the DFA shows considerable overlap in the distribution of adult human HS and Gorilla 

InvertHS, both are significantly separated from the Pan InvertHS. Results suggest that 

the trabecular architecture in both Pan can be distinguished from that of humans, and that 

Pan and Gorilla can also be distinguished from one another. Furthermore, these results 
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suggest the possibility that there may be fundamental differences in the mechanics of the 

inverted heel-strike of Pan and the inverted heel-strike of Gorilla and that a gorilla heel-

strike may be more mechanically similar to that of a human than a chimpanzee or 

bonobo. Analysis of the plantar pressure distribution of a single gorilla suggests that 

gorillas may not invert their hindfoot as much as chimpanzees do (Crompton et al., 2012) 

while the relatively wider base of the calcaneal tuber in gorillas than chimpanzees (Gebo, 

1992) lends further support to the hypothesis that gorillas may not be able to rotate their 

calcaneus as far as chimpanzees might be able to. Quantitative data on gorilla pedal 

mechanics are lacking and future biomechanical data of infant and adult gorillas are 

needed to test this hypothesis. Observed differences between taxa may be the result of 

diffences in body mass and/or the degree of terrestriality in the taxon’s locomotor 

repetoire.    

CONCLUSIONS 

Compared to human toddlers and an ontogenetic sample of African apes, the 

calcaneal trabecular architecture of mature human bipedal heel-strikers is unique in 

having a combination of relatively thick trabecular struts that are oriented along a 

primary anteroplantar to posterodorsal plane. Calcaneal trabeculae in the African ape 

medial plantar process do not show evidence of lateral loading or a highly inverted 

calcaneal position at heel-strike. In addition to pair wise comparisons, multivariate 

analyses may be able to distinguish human heel-strike from a Pan-like inverted heel-

strike, and, moreover, heel-strike patterns between Pan and Gorilla. Future studies 

investigating pedal kinematics and kinetics in African apes will enhance the predictive 

power of pedal trabecular studies.  
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Figure 3.1: Posterior view of the calcaneal tuber.  

Adult human (A), adult chimpanzee (B), and an overlay of the two taxa (C) in anatomical position. Notice that while both taxa 
have a medial plantar process (MPP), only humans have a lateral plantar process (LPP) that widens the base of the calcaneal 
tuber. Also note the large peroneal trochlea (PT) in the chimpanzee. Image modified from Latimer and Lovejoy (1989).  



 

  

110 

 

 
 

Figure 3.2: Predicted ground reaction forces.  

Predicted ground reaction resultant (red arrow) loading the calcaneus at touchdown in Infant 1 (top row), Infant 2 (middle 
row), and adult (bottom row) gorillas (A), bonobos (B), chimpanzees (C), and humans (D). For each individual, the image on 
the left is a lateral view and the image on the right is a posterior view of the calcaneus. For orientation purposes, the lateral 
peroneal trochlea (PT) and medial sustentaculum tali (ST) are labeled. The black circle is the anchor point of the GRFr, the 
center of pressure (COP). In gorillas, bonobos, and chimpanzees, it is hypothesized that the medial plantar tubercle is loaded at 
heel-strike. When the COP is under the calcaneus in Infant 1 and Infant 2 humans, the GRFr is projected posteriorly through 
the mid lateral calcaneus (Chapter 2). In adult humans, the COP is predicted to be located mid way between the medial plantar 
process (MPP) and lateral plantar process (LPP) and the GRFr is predicted to project posteriorly through the midline of the 
posterior calcaneal tuber.   
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Figure 3.3: Predicted trabecular orientation in humans and African apes.  

Posterior views of an adult human (A) and chimpanzee (B-D) calcaneus. In the adult 
human, it is predicted that the calcaneal tuber contacts the ground in roughly anatomical 
position (possibly slightly inverted) so that vertical forces at heel-strike travel in a 
dorsoplantar (D-P) plane. If the chimpanzee calcaneus also contacts the ground in 
anatomical position (B), then vertical forces will also travel in a D-P plane through the 
medial plantar process and calcaneal tuber. However, if the calcaneus is highly inverted 
at heel-strike (i.e., the plantar surface is rotated medially as in C), then the vertical force 
at heel-strike will travel in a more medio-lateral plane (this is easier to visualize when the 
calcaneus is rotated back to anatomical position, as in D). Image modified from Latimer 
and Lovejoy (1989). 
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Figure 3.4: Location of the volume of interest in human calcanei.  

A = reconstructed isosurfaces of Infant 1 (top row), Infant 2 (middle row), and adult 
(bottom row) calcanei showing the location of the sagittal (B) and coronal (C) cross-
sections. White circle represents the spherical VOI.  
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Figure 3.5: Mean and one standard deviation plots of trabecular thickness.  

I2 = Infant 2. I1 = Infant 1. Homo sapiens adult n = 5, I2 n = 5, I1 n = 2. Pan troglodytes adult n = 3, I2 n = 4, I1 n = 3. Pan 
troglodytes adult n = 3, I2 n = 4, I1 n =2. 
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Figure 3.6: Mean and one standard deviation plots of bone volume fraction.  

I2 = Infant 2. I1 = Infant 1. Homo sapiens adult n = 5, I2 n = 5, I1 n = 2. Pan troglodytes adult n = 3, I2 n = 4, I1 n = 3. Pan 
troglodytes adult n = 3, I2 n = 4, I1 n =2. 
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Figure 3.7: Mean and one standard deviation plots of degree of anisotropy.  

2 = Infant 2. I1 = Infant 1. Homo sapiens adult n = 5, I2 n = 5, I1 n = 2. Pan troglodytes adult n = 3, I2 n = 4, I1 n = 3. Pan 
troglodytes adult n = 3, I2 n = 4, I1 n =2.



 

 116 

 

                       

Figure 3.8: Human ternary plot.  

Data points that fall near the top apex of the graph are isotropic and spherical. Points that 
fall in the lower half of the graph are anisotropic, with points in the lower left as 
unidirected discs and points in the lower right as unidirected rods. 
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Figure 3.9: Chimpanzee ternary plot.  

Data points that fall near the top apex of the graph are isotropic and spherical. Points that 
fall in the lower half of the graph are anisotropic, with points in the lower left as 
unidirected discs and points in the lower right as unidirected rods. 
 



 

 118 

 

 
 

                                    
 

Figure 3.10:  Bonobo ternary plot.  

Data points that fall near the top apex of the graph are isotropic and spherical. Points that 
fall in the lower half of the graph are anisotropic, with points in the lower left as 
unidirected discs and points in the lower right as unidirected rods. 
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Figure 3.11:  Gorilla ternary plot.  

Data points that fall near the top apex of the graph are isotropic and spherical. Points that 
fall in the lower half of the graph are anisotropic, with points in the lower left as 
unidirected discs and points in the lower right as unidirected rods. 
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 Figure 3.12:  Stereoplots of primary eigenvectors.  

Points that fall toward the left or right of a stereoplot have a mediolateral primary 
orientation while points located near the top or bottom of the stereoplot have a 
dorsoplantar primary orientation. The axis coming directly into/out of the stereoplot is the 
anteroposterior axis so points that fall in the center of the plot are primarily along this A-
P axis. 
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Figure 3.13:  Human rose diagrams.  

White circles represent the volume of interest in the calcaneal tuber of adult (top row), 
Infant 2 (middle row), and Infant 1 (bottom row) humans. Lateral views of calcaneal 
sagittal cross-sections and rose diagrams are oriented with anterior to the left, posterior to 
the right, dorsal to the top, and plantar to the bottom. Note that the infant calcanei are 
enlarged to show the trabecular struts and as such, calcanei images are not to scale.  
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Figure 3.14: Chimpanzee rose diagrams.  

White circles represent the volume of interest in the calcaneal tuber of adult (top row), 
Infant 2 (middle row), and Infant 1 (bottom row) chimpanzees. Lateral views of calcaneal 
sagittal cross-sections and rose diagrams are oriented with anterior to the left, posterior to 
the right, dorsal to the top, and plantar to the bottom. Note that the infant calcanei are 
enlarged to show the trabecular struts and as such, calcanei images are not to scale. 
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Figure 3.15: Bonobo rose diagrams.  

White circles represent the volume of interest in the calcaneal tuber of adult (top row) 
and Infant 2 (bottom row)bonobos. Lateral views of calcaneal sagittal cross-sections and 
rose diagrams are oriented with anterior to the left, posterior to the right, dorsal to the top, 
and plantar to the bottom. Note that the infant calcaneus is enlarged to show the 
trabecular struts and as such, calcanei images are not to scale. 
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Figure 3.16: Gorilla rose diagrams.  

White circles represent the volume of interest in the calcaneal tuber of adult (top row), 
Infant 2 (middle row), and Infant 1 (bottom row) gorillas. Lateral views of calcaneal 
sagittal cross-sections and rose diagrams are oriented with anterior to the left, posterior to 
the right, dorsal to the top, and plantar to the bottom. Note that the infant calcanei are 
enlarged to show the trabecular struts and as such, calcanei images are not to scale. 
  



 

 125 

 

 
 
 

Figure 3.17: RMA. 

Reduced major axis regression scatterplots of trabecular properties against calcaneal 
length in adults.  
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Figure 3.18: Results of a canonical correlation analysis.
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Table 3.1: Calcaneus sample.  

AMNH = American Museum of Natural History. NMNH = National Museum of Natural 
History. PSU = Pennsylvania State University.  
 

Museum Genus Species subspecies 
age category 

age 
specimen 
number site sex side 

PSU Homo sapiens 
 

Adult 30-35 yr 223 821236 F L 

PSU Homo sapiens 
 

Adult 25-35 yr 229 821282 F L 

PSU Homo sapiens 
 

Adult 18-21 yr 69 820658 F L 

PSU Homo sapiens 
 

Adult 18-21 yr 174 821110 F L 

PSU Homo sapiens 
 

Adult 18-21 yr 37 819957 F L 

PSU Homo sapiens 
 

Infant 2 3-4 yr 183 
  

L 

PSU Homo sapiens 
 

Infant 2 3-4 yr 130 821039 
 

L 

PSU Homo sapiens 
 

Infant 2 2-3 yr 153 821073 
 

L 

PSU Homo sapiens 
 

Infant 2 2-3 yr 128 821033 
 

L 

PSU Homo sapiens 
 

Infant 2 2-3 yr 177 821113 
 

L 
PSU 
PSU 

Homo 
Homo 

sapiens 
sapiens 

 

Infant 1  
Infant 1 

1-2 yr 
1-2 yr 

117 
221 

821014 
821234 

 

L 
L 

AMNH Pan troglodytes verus Adult   89355 Ivory Coast M L 

AMNH Pan troglodytes verus Adult 
 

89426 Liberia F L  

NMNH Pan troglodytes Adult 
 

176229 Cameroon F L 

AMNH Pan troglodytes schweeinfurthii Infant 2 3.5-5 51391 Zaire M L 

AMNH Pan troglodytes schweeinfurthii Infant 2 3.5-4 51201 Zaire F L  

AMNH Pan troglodytes schweeinfurthii Infant 2 3.5-4 51390 Zaire F L 

AMNH Pan troglodytes schweeinfurthii Infant 2 3.5-4 51389 Zaire M L 

AMNH Pan  troglodytes verus Infant 1 1.5-2.5 89356 Ivory Coast F L  

AMNH Pan  troglodytes schweeinfurthii Infant 1 1.5-2 51387 Zaire F R 

AMNH Pan  troglodytes schweeinfurthii Infant 1 1.5-2  51405 Zaire M L  

AMNH Pan  paniscus Adult   86857 Zaire F L 

AMNH Pan  paniscus Infant 2 3.5-4 54336 Zaire M R 

AMNH Gorilla gorilla beringei Adult   54091 Zaire F R 

AMNH Gorilla gorilla gorilla Adult 
 

81652 Central African Republic F R 

NMNH Gorilla gorilla beringei Adult 
 

545046 Rwanda F L 

AMNH Gorilla gorilla 
 

Infant 2 3-3.5 147176 captive M R 

AMNH Gorilla gorilla 
 

Infant 2 3.5-4 35400 NY Zoo F L 

AMNH Gorilla gorilla 
 

Infant 2 3.5-4 22832 NY Zoo F L 

AMNH Gorilla gorilla 
 

Infant 2 3.5-4 150285 captive ? L 

AMNH Gorilla  gorilla gorilla Infant 1 1.5-2 114217 Cameroon ? L 

AMNH Gorilla gorilla 
 

Infant 1 1-1.5 173649 captive ? L 
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Table 3.2: Size of the volume of interest.  

Asterisk indicates that the sample size is too small to calculate a standard deviation.  

 

  

 
Scaled VOI (millimeters) 

Taxon age category n 
 mean  range SD 

 
 

 

   
Homo sapiens Adult 

5 
9.7 9.0-10.6 0.84 

 
Infant 2 

5 
4.8 3.6-5.8 0.85 

 
Infant 1 

2 
3.5* - - 

  

 

   
Pan troglodytes Adult 

3 
7.5 6.8-7.9 0.74 

 
Infant 2 

4 
4.5 3.9-5.2 0.55 

 
Infant 1 

3 
3.8 3.4-3.9 0.42 

  

 

   
Pan paniscus  Adult 

1 
6.6* - - 

 
Infant 2 

1 
4.71* - - 

  

 

   
Gorilla gorilla Adult 

3 
9.27 8.3-10.4 1.08 

 
Infant 2 

4 
6.29 6.0-6.9 0.41 

 
Infant 1 

2 
4.49 3.7-5.6 0.83 
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Table 3.3: Summary of trabecular results.  

For each variable, taxon mean is presented with the standard deviation in parentheses when sample size is greater than two.  
 
 
 
 
 

 
 
 
 
 

Age 
category Taxon N DA 

 
BV/TV 

 
I 

 
E 

 
Tb.Th 

Adult Homo sapiens 5 4.60 (2.05) 
 

0.33 (0.05) 
 

0.25 (0.10) 
 

0.32 (0.23) 
 

0.19 (0.01) 

 
Pan troglodytes 3 5.13 (0.80) 

 
0.42 (0.02) 

 
0.20 (0.04) 

 
0.43 (0.13) 

 
0.21 (0.02) 

 
Pan paniscus 1 2.98 

  
0.43 

  
0.34 

  
0.32 

  
0.21 

 

 
Gorilla gorilla  3 2.78 (0.78) 

 
0.34 (0.05) 

 
0.38 (0.10) 

 
0.40 (0.10) 

 
0.28 (0.14) 

                 
Infant 2 Homo sapiens 5 4.57 (1.58) 

 
0.34 (0.10) 

 
0.25 (0.11) 

 
0.38 (0.09) 

 
0.13 (0.02) 

 
Pan troglodytes 4 6.27 (2.25) 

 
0.32 (0.06) 

 
0.18 (0.06) 

 
0.39 (0.13) 

 
0.21 (0.07) 

 
Pan paniscus 1 5.42 

  
0.36 

  
0.18 

  
0.42 

  
0.16 

 

 
Gorilla gorilla  4 4.14 (1.75) 

 
0.31 (0.05) 

 
0.22 (0.07) 

 
0.52 (0.04) 

 
0.16 (0.04) 

                 
Infant 1 Homo sapiens 2 3.78 

  
0.21 

  
0.19 

  
0.55 

  
0.07 

 

 
Pan troglodytes 3 5.69 (0.53) 

 
0.27 (0.07) 

 
0.18 (0.02) 

 
0.56 (0.07) 

 
0.16 (0.02) 

 
Gorilla gorilla  2 6.35 

  
0.24 

  
0.17 

  
0.64 

  
0.15 
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Table 3.4: Summary of intraspecific unpaired t-test p values.  

Asterisk indicated a p value that was significant (p < 0.05) before but not after the Bonferroni correction. Bold p value is still 
significant after the Bonferroni correction.  

Taxon Age comparison   DA BV/TV I E Tb.Th 

H. sapiens Adult vs. Infant 2 

 

NS NS NS NS 0.0003 

 

 

      P. troglodytes Adult vs. Infant 2 

 

NS 0.0384* NS NS NS 

 

Adult vs. Infant 1 

 

NS 0.0254* NS NS 0.016* 

 

Infant 2 vs. Infant 1 

 

NS NS NS NS NS 

 

 

      G. gorilla Adult vs. Infant 2 

 

NS NS NS NS NS 
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Table 3.5: Interspecific comparisons.  

Summary of unpaired interspecific t-test p values for interspecific pairwise comparisons. Asterisk indicates significant p value  
before (but not after) Bonferroni correction. NS = non significant before Bonferroni correction. 

Age category Taxon comparison   DA BV/TV I E Tb.Th 
 
Adult 

 
Homo sapiens vs. Pan troglodytes 

 
NS 0.024* NS NS NS 

 

Homo sapiens vs. Gorilla gorilla 

 
NS NS NS NS NS 

 

Pan troglodytes vs. Gorilla gorilla 

 
NS NS NS NS NS 

        
Infant 2 

Homo sapiens vs. Pan troglodytes 

 
NS NS NS NS NS 

 

Homo sapiens vs. Gorilla gorilla 

 
NS NS NS NS NS 

 

Pan troglodytes vs. Gorilla gorilla 

 
NS NS NS NS NS 
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Table 3.6: Correlation matrix.  

Bold Pearson’s Correlation Coefficients are significant at p < 0.05.   
  

Taxon   DA BV/TV E 

Homo BV/TV -0.440062 -  

 E 0.471428 -0.164004 - 

 Tb.Th -0.065425 0.428113 -0.351769 

     
Pan BV/TV -0.158523   

 E -0.906553 0.226584  

 Tb.Th 0.495719 -0.316968 -0.484101 

     

     
Gorilla BV/TV -0.767181   

 E -0.930325 0.776307  

 Tb.Th 0.869753 -0.576879 -0.868739 
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Table 3.7: Pooled within-group correlations (r) between roots and variables.  

 
DA BV/TV I E Tb.Th 

Root 1 -0.055617 -0.429270 0.06642 0.313080 -0.497940 

  
     

Root 2 0.776661 -0.781828 -0.794639 0.477777 -0.160441 
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Table 3.8: F-test. 

F-test results between groups (DF = 5, 24) for discriminant function analyses for foot posture group using five  
calcaneal trabecular bone variables. P values are plotted on the upper half of the table and F-scores are plotted on the lower  
half of the table. Bold p values are significant at p < 0.05. 
 
 

 
  

 
Humans African apes 

Foot posture group Adult human HS Infant 2 IHS Infant 1 NHS Pan InvertHS Gorilla InvertHS 

Adult human HS - 0.077333 0.010715 0.00969 0.152977 

Infant 2 IHS 2.307937 - 0.092247 0.088413 0.01741 

Infant 1 NHS 3.880561 2.175332 - 0.002833 0.045686 

Pan InvertHS 3.96608 2.20718 5.063799 - 0.001388 

Gorilla InvertHS 1.798468 3.476378 2.709562 5.749915 - 
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Table 3.9: Correct classification. 

Discriminant function analysis for foot posture group using five trabecular bone variables. 
 

 

  
Predicted group membership 

 

  
Humans African apes 

 
Foot posture group N Adult human HS Infant 2 IHS Infant 1 NHS Pan InvertHS Gorilla InvertHS % correct 

Adult human HS 5 3 1 0 0 1 60 

Infant 2 IHS 5 2 2 0 1 0 40 

Infant 1 NHS 2 0 1 1 0 0 50 

Pan InvertHS 12 0 0 0 11 1 91 

Gorilla InvertHS 8 1 0 0 1 6 75 
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Chapter 4: Ontogeny of pedal trabecular bone morphology II: 
Anatomical correlates to a rigid foot and propulsive hallucal toe-off.  

INTRODUCTION 

The human foot must fulfill two important functions during stance phase of 

modern bipedal locomotion: it must act as a compliant shock absorber at heel-strike and 

during peak load while also acting as a rigid lever to facilitate a propulsive hallucal toe-

off. The ability to balance these two functional modes and the flexibility to switch 

between mobile and stable joints is a key feature of mature bipedal locomotion. The same 

patterns are not thought to exist in developing bipedal toddlers and during 

quadrupedalism in non-human primates. Specifically, experimental biomechanical 

analyses of ground reaction forces and modeling of muscle and joint reaction forces have 

highlighted notable differences in foot function between immature and mature human 

bipedalism and between human bipedalism and African ape quadrupedalism. While heel-

strike at touchdown occurs in humans as well as other great apes (Elftman and Manter, 

1935; Napier, 1967; Tuttle, 1970; Susman, 1983; Reynolds, 1985; Gebo, 1992; Meldrum, 

1993; Schmitt and Larson, 1995; Wunderlich, 1999; Vereecke et al., 2003), a rigid 

midfoot and hallucal propulsion at toe-off is thought to be unique to adult modern 

humans (Susman, 1983; Wunderlich et al., 1999; Veereecke et al., 2003; Crompton et al., 

2008; Griffin et al., 2010a). A rigid foot and hallucal toe-off in adult humans presumably 

involves a specific pattern of loading that is absent in infant humans and African apes 

who lack a hallucal toe-off. This chapter examines the interaction between predicted 

loading patterns from heel elevation through a hallucal toe-off and internal trabecular 

morphology in calcanei, tali, first metatarsals and hallucal distal phalanges. By 

identifying anatomical correlates to a propulsive hallucal toe-off, this study seeks to 



 

145 
 

 

address debates regarding the first appearance of a habitual bipedal hallucal toe-off in the 

hominin fossil record (Leakey and Hay, 1979; Bennet etl al., 2009; Pontzer et al., 2010; 

Ward et al., 2011; but see Stern and Susman, 1983). 

To complement previously identified external anatomical correlates to a rigid foot 

and propulsive hallucal toe-off, this study combines comparative, ontogenetic, and 

microarchitectural approaches to understand how foot bone loading influences internal 

trabecular bone morphology in human, chimpanzee (Pan troglodytes), bonobo (Pan 

paniscus), and gorilla (Gorilla gorilla) infants (one to two year old and two to five year 

old) and adults. Specifically, this study examines trabeculae in areas of foot bones that 

are proposed to experience high loads during stance in adult humans: tensile forces from 

the pull of the calcaneal tendon (i.e., Achilles tendon), compressive joint reaction forces 

at the posterior talocalcaneal joint (TCJ) and first metatarsophalangeal joint (MTPJ 1), 

and ground reaction forces incurred by the first metatarsal (MT 1) head and hallucal 

distal phalanx (HDP).   

Trabecular bone, a network of tiny struts (individual trabeculae) that lie deep to 

external cortical bone, is found throughout the skeleton including a significant proportion 

of the tarsals (Currey, 1984). It has been proposed that trabecular remodeling during an 

individual’s lifetime aligns trabeculae with the direction of principal loads, a concept 

known as Wolff’s Law (see Meyer, 1867; Wolff, 1892; Odgaard et al., 1997). 

Experimental and modeling data suggest that there is a correlation between external 

loading, trabecular fabric properties (e.g., degree of trabecular organization (anisotropy), 

the ratio of trabecular bone to total volume (bone volume fraction)) and trabecular elastic 

properties (e.g., Young’s modulus and shear modulus) (Hodgskinson and Currey, 1990; 
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Turner et al., 1990; Goldstein et al., 1991; Odgaard et al., 1997; Kabel et al., 1999; Ulrich 

et al., 1999).  

As BV/TV increases from one year to eight years of age in the human femur 

(Ryan and Krovitz, 2006) and tibia (Gosman and Ketcham, 2009), so does DA and 

trabecular thickness (Tb.Th). Trabecular fabric properties in the femoral and humeral 

head of primates scale allometrically; BV/TV scales with positive allometry while DA 

scales with negative allometry suggesting that larger bodied primates have exceptionally 

dense but relatively isotropic trabecular struts (Ryan and Shaw, 2013). Significant 

correlations among trabecular fabric properties and allometric scaling suggest that certain 

combinations of trabecular fabric properties may be more efficient or idealized than 

others and are better adapted to resisting stereotypical loading.  

While some studies suggest that interspecific trabecular bone comparisons may be 

informative and useful in identifying locomotor correlates within bones (e.g., Oxnard and 

Yang, 1981; Oxnard, 1993; Odgaard,1997; Rafferty, 1998; Macchiarelli et at. 1999; Rook 

et al., 1999; Fajardo and Muller, 2001; Ryan and Ketchem, 2002a,b, 2005; Richmond et 

al., 2004; Ryan and van Rietbergen, 2005; Maga et al., 2006; Mazurier et al., 2006; 

Griffin et al., 2010; Barak et al., 2011; Zeininger et al., 2011; Chapter 3), others have not 

found a clear relationship between trabecular architecture and locomotor behavior 

(Fajardo et al., 2007; Carlson et al., 2008; Ryan and Walker, 2010; DeSilva and Devlin, 

2012; Shaw and Ryan, 2012). This chapter investigates the question: Do predicted 

loading patterns during a bipedal propulsive hallucal toe-off result in a unique internal 

toe-off signal within adult human foot bones? 
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Foot posture and predicted loading patterns 

The human foot may attenuate bipedal forces by dynamically altering joint 

orientation and ligament laxity throughout a stride (Bowden, 1967). At touchdown, the 

ligaments surrounding the TCJ and the spring ligament are lax, allowing for hindfoot 

mobility and shock absorption of relatively high impact forces at heel-strike (Bowden 

1967; Lewis, 1980; Langdon et al., 1991; Wittle, 1999; Chi and Schmitt, 2005). At 

midstance, when the hind and fore-foot are in contact with the ground, the human foot 

has been described as a “twisted plate”, with the heel twisted in relation to the metatarsal 

heads (i.e., the heel is inverted while the forefoot is everted) (MacConaill and Basmajian, 

1969). Untwisting begins at midstance as the talus supinates on the calcaneus, and the 

ligaments around the TCJ joint tighten, causing the joint to become closely approximated 

and relatively stable (what some authors refer to as “close-packed”) (Close et al., 1967; 

Langdon et al., 1991). The talus and calcaneus have been modeled as acting like counter-

rotating screws (Lewis, 1980) in which talar supination causes the calcaneus to move 

laterally at the calcaneocuboid joint (close-packing the calcaneocuboid joint) and 

posteriorly at the talocalaneal and calcaneonavicular joints, thereby tightening the spring 

ligament (Lewis, 1980). Consequently, the transverse tarsal joints rest one atop the other 

with their axes now misaligned, thereby preventing midfoot flexion in the sagittal plane 

(Elftman, 1960; Langdon et al., 1991). As the medial gastrocnemius muscle contracts, the 

calcaneal tendon pulls on the proximal calcaneal tuber, plantarflexing the ankle, elevating 

the heel, and dorsiflexing the metatarsophalangeal joints (Neptune et al., 2001; Gotschall 

and Kram, 2003). During MTPJ dorsiflexion, the dorsal aspect of the metatarsal head is 

brought into contact with the proximal phalanx, causing the plantar aponeurosis to be 

pulled tightly and the height of the longitudinal arch to increase (Hicks, 1954; Bojsen-
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Moller and Lamoreux, 1979; Caravaggi et al., 2009). This “windlass mechanism” further 

transforms the foot into a rigid lever (Hicks, 1954; Caravaggi et al., 2009). As a means of 

creating a metatarsi-fulcrimating forefoot for the final hallucal push-off, collateral 

ligaments surrounding the 1st and 2nd MTPJs tighten (Susman and Brain, 1988; Susman 

and de Ruiter, 2004) and the MTPJs experience high compressive joint forces during 

dorsiflexion (Hetherington et al., 1989; Muehleman et al., 1999). Finally, the hallucal 

distal phalanx pushes against the ground as the sole weight-bearing element (Elftman and 

Manter, 1935). 

Toddlers lack a lateral to medial roll-over of the center of pressure beneath the 

foot that is characteristic of adult human bipedalism (Li et al., 1996; Bertsh et al., 2004). 

When the foot is preparing for lift-off (70% of stance and propulsive peak), the COP is 

most frequently located under MTs 2-5, and it often (≥ 50% of steps) remains there 

through lift-off in all toddlers (Chapter 2). The COP is under the hallux at lift-off in only 

5% of young toddlers (who do not use a heel-strike, NHS) and 25% of older toddlers 

(who use a heel-strike, HS) (Chapter 2). Fore-aft propulsive forces are similarly high at 

propulsive peak in all toddlers, when the COP is often still lateral to the hallux (Chapter 

2). As such, the ground reaction force resultant is angled anteriorly from 70% of stance to 

lift-off in all toddlers and most toddlers apply propulsive forces when the entire width of 

their forefoot is in contact with the ground (Chapter 2). Two to four year old toddlers 

who heel-strike but lack a hallucal toe-off experience significantly higher moments at the 

first metatarsophalangeal joint than younger toddlers who do not use a heel-strike or a 

hallucal toe-off (Chapter 2), suggesting that, in older toddlers who heel-strike, the MTPJ 

1 experiences higher compressive loads (in order to maintain posture) than younger non 

heel-strikers.     
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Patterns of pedal loading throughout stance phase differ between adult bipedal 

humans and quadrupedal African apes. In African apes, following heel-strike, the center 

of pressure moves anteriorly and then medially beneath the metatarsal heads as 

dorsiflexion occurs in the midfoot (i.e., the ‘midfoot break’) and the heel is elevated in 

preparation for lift-off (Elftman and Manter, 1935; Vereecke et al., 2003; DeSilva, 2010). 

The nearly straight proximal to distal translation of the center of pressure throughout 

stance in chimpanzees (Li et al., 2004) resembles that of human children (Li et al., 1996). 

Peak plantar pressure prior to lift-off occurs beneath the MT 1 head (chimpanzees: 

Wunderlich, 1999) or MT 5 head (bonobos: Vereecke et al, 2003). Toe-off is variable and 

can occur between the 1st and 2nd digits (chimpanzees: Wunderlich 1999), at the 2nd or 

3rd digits (chimpanzees: Susman, 1983), or at the 1st, 2nd, or 3rd digits (bonobos: 

Vereecke et al., 2003). Compared to adult humans, African apes lack a spike in peak 

pressure beneath the hallux at lift-off (gorillas: Crompton et al., 2008; bonobos: Griffin et 

al., 2010a). Moreover, relative impulses beneath the hallux at lift-off are 1) relatively 

lower in African apes than humans and 2) lower than impulses beneath the lateral toes 

suggesting that propulsion at lift-off is produced by lateral toes, not the hallux, in African 

apes (Vereecke et al, 2003; Griffin et al., 2010a). 

African apes lack many of the mechanisms that are associated with a rigid foot 

and adult human bipedalism. At the calcaneocuboid joint, chimpanzees and gorillas have 

a lower possible range of lateral motion but a higher degree of rotary motion than 

humans, suggesting that when the talus supinates, the calcaneus does not move laterally, 

the calcaneocuboid joint remains mobile, and the axis of the transverse tarsal joints 

remain aligned (Lewis, 1980; Langdon et al., 1991). Unlike in adult humans, ligaments 

surrounding the TCJ have been modeled to remain relatively slack throughout stance and 
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thus, African apes likely lack a close-packing of the TCJ (Elftman and Manter, 1935; 

Langdon et al., 1991). There is significantly less dorsal excursion at the MTPJ 1 from 

midstance to lift-off in African apes than in adult humans (Elftman and Manter, 1935; 

Susman, 1983; Griffin et al., 2010a). Thus, it is likely that, compared to humans, African 

apes lack a windlass mechanism and their MT heads experience less compression from 

collateral ligament tightening around the 1st and 2nd MTPJs (Susman and Brain, 1988; 

Susman and de Ruiter, 2004).  

Trabecular bone morphology 

Comparative analyses of internal trabecular bone architecture in adult hominoid 

feet present conflicting results. While some studies have found that adult human pedal 

trabeculae preserve evidence of stereotypical muscle and joint loading associated with a 

rigid foot and a propulsive toe-off during mature human bipedalism (Maga et al., 2006; 

Griffin, 2010b), others have not found significant trabecular differences between humans 

and non human primates (DeSilva and Devlin, 2012; Kuo et al., 2013).  

Models predict that loading of the proximal calcaneus is highest (3.9 X body 

weight) at 70% of stance when the triceps surae tendon (calcaneal tendon) actively 

contracts, plantarflexing the foot in preparation for a propulsive toe-off in adult human 

bipedalism (Giddings et al., 2000). According to Maga et al. (2006), principal strain 

trajectories in the proximal calcaneus correspond with primary trabecular orientations in 

a proximal volume of interest (VOI) of human calcanei, yet great apes that plantarflex the 

foot prior to lift-off and during pedal grasping and climbing share with humans an 

anteroplantar to posterodorsal (AP-PD) trabecular orientation (i.e., trabecuale align with 

the action of the calcaneal tendon). Thus, results of Maga et al.’s (2006) preliminary 

study of calcaneal trabeculae suggests that tensile forces from the pull of the calcaneal 
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tendon during plantarflexion (in preparation for toe-off in adult humans and during 

plantarflexion while climbing in great apes) influence trabecular orientation. Although 

the primary direction of proximal calcaneal trabeculae does not distinguish among adult 

hominoids, human trabeculae have a higher degree of anisotropy and a high elongation 

index (E), indicating that in addition to being more highly oriented, human trabeculae are 

oriented along a stronger primary axis than the plate-like trabecular struts of great apes 

(Maga et al., 2006). Calcaneal tendon VOI trabecular thickness, the average size of each 

trabecular strut, is similar in adult humans and great apes (Maga et al., 2006). Contrary to 

the results of Maga et al. (2006), Kuo et al. (2013) did not find significant differences 

between adult humans, chimpanzees, and non hominoid primates in the calcaneal tendon 

VOI, even though calcaneal tendon size differs among taxa. 

Compared to great apes, bone volume fraction (BV/TV) in human calcanei and 

metatarsals is unexpectedly lower, suggesting that humans have less densely packed 

trabecular struts (Maga et al., 2006; Griffin et al., 2010b). Moreover, it has been argued 

that as a result of high compressive forces potentially induced by collateral ligament 

tightening around the 1st metatarsophalangeal joint (MTPJ 1) in preparation for toe-off, 

trabeculae located within a dorsal VOI of adult human 1st metatarsal (MT1) heads have a 

significantly higher DA than those of great apes (Griffin et al., 2010b).  

Although the metatarsal heads appear to reflect some aspects of locomotor 

loading patterns, not all bones of the foot show patterns of bone structure that are 

necessarily reflective of loading patterns.  A recent study of talar trabeculae suggests that 

the talus may not be as reliable as other foot bones in isolating bipedal anatomical 

correlates (DeSilva and Devlin, 2012). Overall, chimpanzee tali have a significantly 

higher BV/TV than human tali (DeSilva and Devlin, 2012). When the talar body is 
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divided into four equal quadrants (posterolateral, posteromedial, anterolateral, and 

anteromedial) human tali have a significantly higher DA in the posterolateral and 

posteromedial quadrants than chimpanzee and gorilla tali (DeSilva and Devlin, 2012). 

However, based on a lack of statistical significance between primates whose feet are 

assumed to be loaded in distinct ways (i.e., humans vs. orangutans, gorillas vs. baboons, 

and humans vs. African apes), DeSilva and Devlin (2012) concluded that talar trabeculae 

may be not be informative of tibiotalar joint loading during different forms of 

locomotion. On the contrary, in a similar study of the talar trochlea, Su et al. (2013) 

found that DA, E, and primary trabecular orientation could distinguish adult humans from 

great apes and be used to infer locomotion in fossil hominin tali.  

Talar trabeculae near the TCJ have yet to be quantified. Absolute peak loading 

(5.9 BW) of the calcaneus occurs near the posterior articular facet (PAF), just inferior to 

the posterior TCJ (Giddings et al., 2000). Supination and close-packing of the TCJ in 

preparation for toe-off may contribute to these high compressive forces at the PAF of the 

calcaneus as well as the complementary PAF of the talus. This close-packing mechanism 

is unique to human bipedalism (Langdon et al., 1991) and evidence of TCJ loading 

should only be preserved in trabecular architecture of mature bipeds. Observations of 

calcaneal trabeculae in radiographs suggest that trabeculae are oriented perpendicular to 

the PAF and TCJ (Inman, 1976; Lewis, 1989). 

OBJECTIVES AND HYPOTHESES 

Previous pedal trabecular research has shown that, compared to great apes, adult 

humans exhibit a higher degree of anisotropy and a lower bone volume fraction (talus, 

calcaneus, and metatarsal heads) in regions of foot bones that likely receive high loads 

during mature bipedalism (Maga et al., 2006; Griffin et al., 2010b; DeSilva and Devlin, 
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2012; Su, 2013). As such, in adult bipedal humans, whose foot bones presumably 

experience stereotypical loading, trabecular efficiency may be accomplished by having 

few, anisotropic (i.e., less densely packed, stronger struts). This study tests the hypothesis 

that ground reaction and joint reaction forces acting on the foot during toe-off influence 

trabecular bone morphology. I predict that trabecular architecture in the human talus, 

calcaneus, MT I head, and halllucal distal phalax differ with locomotor experience due to 

more stereotypical loading induced by a rigid foot and a propulsive hallucal toe-off as 

bipedalism matures in the following ways:  

1. I hypothesize that adult human foot bone preserve trabecular evidence of a mature 

bipedal heel-strike. In intraspecific comparisons of young human toddlers who 

lack a heel-strike and hallucal toe-off (1-2 years old) vs. older toddlers who heel-

strike but do not use a hallucal toe-off (2-4 years old), vs. adults who use a 

hallucal toe-off,  I predict that adults exhibit a higher degree of anisotropy (DA), 

lower bone volume fraction (BV/TV; less densely packed trabeculae), higher 

trabecular thickness (Tb.Th; thicker trabeculae), and a higher elongation index (E; 

more rod-like trabeculae than both of the younger age groups. 

2. I also hypothesize that in all VOIs except the calcaneal tendon VOI, adult humans 

will have a different primary trabecular orientation (i.e., trabeculae that align with 

the direction of the peak strain in each volume of interest – see below for specific 

predictions) than both of the younger groups. Since all toddlers plantarflex their 

ankle to some degree (i.e., and thus the calcaneal tendon pulls on the calcaneus 

enough to elevate the heel and propel themselves forward into swing phase) 

(Chapter 2), I predict that all human age groups will have a similar primary 

trabecular orientation.  
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3. Since it is assumed that all African apes lack a rigid foot and hallucal toe-off, in 

intraspecific comparisons of African ape foot bones, I hypothesize that trabecular 

fabric properties will not differ with age in intraspecific comparisons of African 

apes or between taxa chimpanzees, bonobos, and gorillas.  

4. I hypothesize that differences in the position and thus loading of the foot at lift-off 

between adult humans and African apes results in different patterns of trabecular 

orientation. In interspecific comparisons of infants and adults, I predict that 

African apes will have a lower DA, higher BV/TV, lower Tb.Th, and a lower E. 

In other words, I predict that for any given age group, trabeculae will show 

evidence of less stereotypical loading in African apes than in humans. I also 

predict that African apes will have a different primary orientation than humans in 

all VOIs except the calcaneal tendon VOI (since African apes also plantarflex 

their ankles during locomotion).  

5. In humans, I hypothesize that trabecular fabric properties are correlated in such in 

a manner that is most efficient in resisting loads. Following Ryan and Krovitz 

(2006) and Gosman and Ketcham (2009), I predict that BV/TV will be positively 

correlated with DA and Tb.Th in humans.  

6. I hypothesize that pedal trabecular fabric properties scale with allometry. 

Following Ryan and Shaw (2013), I predict that BV/TV scales with positive 

allometry and DA scales with negative allometry in all taxa.  
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METHODS 

Sample 

Table 4.1 lists the entire sample for this study. Human foot bones came from the 

Norris Farms #36 cemetery skeletal collection, housed at Pennsylvania State University. 

Remains of this Oneota culture are on loan from the Illinois State Museum and date to 

1300 AD (Milner and Smith, 1990). Human remains consist of over one hundred juvenile 

skeletons that are excellently preserved. Age ranges for the humans were previously 

determined based on tooth crown formation and dental eruption patterns (Milner and 

Smith, 1990). Human foot bones were categorized as adult (18-35 years old), infant 2 

(Infant 2: 2-4 years old), or infant 1 (Infant 1: 1-2 years old). Although there is some 

variation in timing of foot posture development in toddlers, these infant age categories 

correspond well with the use of no heel-strike and no hallucal toe-off  (95% of NHS 

lacked a hallucal toe-off and 91% of all NHS were less than two years old) or immature 

heel-strike and no hallucal toe-off foot posture (75% of all IHS lacked a hallucal toe-off 

and 86% of all IHS were between two and four years old) in the Chapter 2 study. 

However, since there are no biomechanical data for the specific individuals in this human 

foot bone sample, humans are referred to by their age category (and not their assumed 

foot posture category) throughout most of the results. Interpretations of the results based 

on foot posture are included in the discussion.   

African ape (Pan troglodytes sp., Pan paniscus, and Gorilla sp.) foot bones were 

selected from the American Museum of Natural History (AMNH) in New York City and 

the Smithsonian Institution’s National Museum of Natural History (NMNH) in 

Washington, DC. African ape ages were determined based on African ape dental eruption 

patterns (Dean and Wood, 2003). African ape foot bones were categorized as adult (exact 
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age unknown), infant 2 (P.t. = 3.5-5 years; P.p. = 3.5-5 years; G.g. = 3-4 years), or infant 

1 (P.t. = 1.5-2.5 years; P.p. = 1.5-2 years; G.g. = 0.5-2 years). All of the African apes 

were wild specimens except for the infant (Infant 1 and Infant 2) gorillas, which were 

mostly captive.  

The human, chimpanzee and bonobo, and gorilla Infant 1 categories are not 

necessarily developmentally equivalent. Confident terrestrial knuckle-walking does not 

occur until two to three years in wild chimpanzees, at which time, they are occasionally 

still carried by their mothers (Doran, 1992). Wild gorillas begin knuckle-walking at an 

early age, between ten and fifteen months, at which time they are roughly equivalent in 

both body size and locomotor behavior to two year old chimpanzees (Doran, 1997). 

Although there are no published data on lift-off foot posture development in infant apes, 

it is assumed that all infant apes use a heel-strike but lack a propulsive hallucal toe-off. 

As with the humans, African apes are referred to by age category throughout most of the 

results. Lacking evidence to the contrary, it is predicted that all ages of African apes lack 

a hallucal toe-off. 

Most often, a single individual is represented by multiple foot bones (Table 4.1). 

An attempt was made to select left feet from females, however, right foot bones and 

males were chosen in order to increase sample size when necessary. A single side was 

preferred in order to minimize possible variation due to laterality. Specifically, the left 

side from females was chosen because the proposed comparative fossil sample is from 

left feet of females (juvenile DIK 1-1 and adult AL 288-1 Australopithecus afarensis).  

Sex was indeterminate for the human infants. 
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Scanning protocols 

Human foot bones were scanned in the OMNI X HD-600 high resolution 

industrial X-ray CT scanner (Varian Medical Systems, Lincolnshire IL) at the Center for 

Quantitative Imaging, Pennsylvania State University (PSU). The entire talus, calcaneus, 

MT 1, and hallucal distal phalanx were scanned. Human foot bones were placed in florist 

foam and scanned vertically. Scans were collected with a source energy of 180 kv at a 

current of 0.11 mA. Field of view ranged from 21.86 to 57.43 mm, resulting in an 

interpixel (x, y) range of 0.021 to 0.056 mm and interslice (z) spacings of 0.020 to 0.056 

mm. Human scans were collected with 2400 to 3600 projections and 2 or 3 frames per 

projection. All human foot bones were scanned with the highest possible resolution for 

their size (0.021 to 0.056 mm).  

CT scans of African ape foot bones were collected at the High Resolution X-ray 

CT Facility, University of Texas at Austin.  All ape foot bones were scanned at the 

highest possible resolution available for their size (0.0252 to 0.0521 mm) with an attempt 

to standardize conditions across scanners. Scans were collected with a source energy of 

180 kv at a current of 0.22 mA. Field of view ranged from 25.88 to 53.42 mm, resulting 

in an interpixel (x, y) range of 0.025 to 0.051 mm and interslice (z) spacings of 0.0271 to 

0.056 mm. African foot bone scans were collected with 1800 projections and 2 frames 

per projection. Although the scan settings are not identical across scanners, resolutions 

are as comparable as they can be for each size protocol (personal communication with 

Matt Colbert and Rich Ketcham) (see Resolution Effects below).   

Volumes of interest 

CT scan image stacks were converted from 1024 x 1024 16-bit TIFFs to 8-bit 

TIFFs in ImageJ, thereby reducing gray levels from 65,536 to 256 without affecting 
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resolution. Using the program Quant3D (Ketcham and Ryan, 2004), trabeculae were 

sampled from within a spherical volume of interest (VOI) in each bone. Spherical VOIs 

were chosen over cubic VOIs in order to avoid corner edge effects (Ketcham and Ryan, 

2004). An effort was made to place VOIs in biomechanically homologous locations 

(Maga et al., 2006; Fajardo and Mueller, 2001; Lazenby et al., 2011; Kivell et al., 2011) 

since shape changes throughout ontogeny make choosing anatomically homologous VOIs 

across ages difficult (Ryan and Krovitz, 2006) and there is a lot of interspecific shape 

variation in complex bones such as the tarsals and carpals (Maga et al., 2006; Kivell et 

al., 2011).  

Recent studies highlight the importance of scaling VOIs in interspecific and 

ontogenetic analyses in order to avoid oversampling trabeculae in small individuals 

(Lazenby et al., 2011; Kivell et al., 2011). As described below, VOIs were scaled to 

either maximum bone length or joint size. Lengths were measured on three-dimensionally 

reconstructed image stacks in Avizo 7.1 (Visualization Sciences Group, Burlington, MA). 

Since small VOIs may not satisfy the continuum assumption (Hoffler et al., 2000), all 

VOIs were visually inspected to ensure that they contained at least five trabecular struts 

(Harrigan et al., 1988). VOI diameters ranged in size from 0.9 mm to 10.6 mm (Table 

4.3). Although defining the transition between cortical or densely packed subchondral 

bone and the deeper trabecular struts can be difficult, a conservative effort was taken to 

place each VOI as close to the perimeter of the bone as possible while ensuring that the 

three-dimensional VOI only contained trabecular struts.  

Talus (Figure 4.1) 

The talus is loaded in multiple directions (Figure 4.2). To assess loading at the 

TCJ, this study focused on trabeculae near the PAF. If adult humans are unique in having 
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a close-packed TCJ, then it is predicted that only adult human trabeculae will align with 

predicted compressive forces at the TCJ (i.e., AD-PP). One VOI was selected in each 

talus. The talar VOI was scaled to the size of its posterior articular facet, such that the 

VOI diameter was half the width of the talar PAF (Figure 4.3). The talar VOI was placed 

just superior to the middle of the talar PAF (Figure 4.4).  

Calcaneus (Figure 4.5) 

Calcaneal loading is extremely complex (Figure 4.2). Trabeculae in the proximo-

plantar calcaneal tuber were analyzed in Chapter 2. To test for regional differences in 

trabecular architecture throughout the calcaneus and to assess the influence of the 

calcaneal tendon and TCJ compression, this study focused on two additional areas. Two 

VOIs were selected in each calcaneus. Following Maga et al. (2006), each VOI was 

scaled to calcaneal length, with the VOI diameter as 1/7 the maximum proximodistal 

length of the calcaneus (Figure 4.3). The first VOI was placed just inferior to the 

calcaneal PAF, (i.e., complementary to the talar PAF VOI at the talocalcaneal joint) 

(Figure 4.6). Following from the prediction for the talar PAF, if adult humans are unique 

in having a close-packed TCJ, then it is predicted that only adult human trabeculae will 

align with predicted compressive forces near the calcaneal PAF (i.e., AD-PP). 

The second VOI was placed in the proximal calcaneus, centered mediolaterally, 

and positioned at the level of the insertion of the calcaneal tendon (Figure 4.6). In adults, 

this VOI was in the posterior calcaneal tuberosity. However, since the calcaneal 

apophysis was still cartilaginous (absent) in the infant human sample (Scheuer and Sue, 

2004), or ossified but not yet completely fused to the rest of the calcaneus in some of the 

infant apes, the VOI was placed in an anatomically homologous location with the 

acknowledgement that this location may not be functionally equivalent in adults and 



 

160 
 

 

infants (because tensile forces may directly affect the cartilage and less so the bone in 

infants). Following from the results of Maga et al. (2006), it is predicted that trabeculae in 

adult humans and all African apes (since African apes plantarflex their ankle often during 

climbing) will be oriented in line with the pull of the calcaneal tendon (i.e., AP-PD). 

Since young humans can propel themselves forward with the ankle (Chapter 2), the same 

AP-PD trabecular orientation is expected in Infant 2 and Infant 1 humans. Therefore, I 

predict no differences in primary trabecular orientation (within the calcaneal tendon VOI) 

across the entire sample.  

MT 1 (Figure 4.7) 

In the adult and Infant 2 humans, it is predicted that the dorsal aspect of the MT 1 

head receives compressive forces while the MTPJ 1 is dorsiflexed prior to toe-off. Only 

in adult humans, it is assumed that the dorsal aspect experiences ground reaction forces 

that travel from anterior to posterior (A-P) through the MT 1 head (Figure 4.8). 

Trabeculae in the adult and Infant 2 human MT 1 head are predicted to align with their 

respective predicted forces. 

To test for regional variability in the first metatarsal head, following Griffin et al. 

(2010), three VOIs (dorsal, central, and plantar) were selected along the sagittal midline 

of the MT I head (Figure. 4.9). Volume of interest size was scaled to the size of each 

metatarsal head. Mediolateral breadth and dorsoplantar head height were first averaged 

[(ML + DP] /2] (Figure 4.3). This average value was then divided by 3, a number chosen 

by Griffin et al. (2010b) because it allowed for the largest possible volumes without 

considerable overlap between VOIs, and used here because it was sufficient in preventing 

overlap between VOIs. VOIs were placed as close to the distal articular surface as 

possible without encompassing cortical bone.      
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Hallucal distal phalanx (Figure 4.10) 

One VOI was placed in the distal head of each human hallucal distal phalanx 

(Figure 4.11). The head is often dorsoplantarly flattened and so the limiting factor in VOI 

size is the dorsoplantar height of the HDP head. Hence, the VOI was scaled to one half 

the dorsoplantar head height (Figure 4.3). The hallucal distal phalanx analysis is 

restricted to humans because the HDP head in African apes was found to contain highly 

dense bone, making it difficult to confidently distinguish between cortical and trabecular 

bone (Figure 4.12).  

CT scan analysis 

CT scans were analyzed in Quant3D. Since bones were not necessarily scanned in 

anatomical (or a consistent) position, anatomical axes were manually re-defined for each 

bone prior to analysis. A separate threshold was applied to each VOI using an iterative 

segmentation algorithm (Ridler and Calvard, 1978; Trussel, 1979). The star volume 

distribution (SVD) method was used to calculate the trabecular fabric properties of each 

VOI. The SVD method measures fabric anisotropy by calculating the distance between 

trabecular struts in various dimensions throughout a stack of CT slices. Briefly, a set of 

points are randomly selected from within a VOI. Cones are drawn from each point and 

stopped when they encounter trabecular struts, resulting in a numerical quantification of 

anisotropy in the form of a 3 X 3 orientation matrix. Following Griffin et al. (2010b) and 

Ryan and Walker (2010), Quant3D was set to select 2,049 uniformly distributed 

orientations at 8,000 random points. Primary, secondary, and tertiary trabecular 

orientations are represented by the eigenvectors (directions) and eigenvalues (magnitude) 

of the matrix (Ketcham and Ryan, 2004; Maga et al., 2006). These eigenvectors and 

eigenvalues are used to determine trabecular fabric properties. Primary and tertiary 
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eigenvalues are used to calculate the degree of anisotropy (DA) within a VOI [DA = 

primary/tertiary eigenvalue]. A DA of 1 represents an isotropic structure. As the DA 

value increases, so does the degree of anisotropy. Bone volume fraction is calculated as 

the ratio of bone voxels (BV) to total voxels (TV) in a given VOI [Bone volume fraction 

= BV/TV]. A high BV/TV ratio indicates densely packed trabecular struts. Additionally, 

the elongation index is calculated as [E = 1-(secondary/primary eigenvalue)]. A high E is 

associated with a strong primary trabecular orientation (rod-like) while a lower E means 

the trabeculae have a weaker primary orientation and are more planar disk-like. The 

isotropy index, I, is inverse of DA [ I = tertiary/primary eigenvalue]. Trabecular thickness 

(Tb.Th) is measured as the shortest distance from a randomly selected point within a VOI 

to a trabecular strut (Ketcham and Ryan, 2004). In order to visually compare trabecular 

direction within a bone between individuals, ages, and species, color-coded rose diagrams 

were created in Quant3D and stereoplots of primary eigenvectors were created in Excel. 

To quantitatively visualize the sphere, planar disk, or rod-like shape of trabeculae, ternary 

plots of eigenvalues were created in Excel.  

Reproducibility of the SVD method for quantifying trabecular fabric properties 

was tested by randomly selecting eight VOIs and re-running analyses five more times 

using all of the original parameters. Percent variation due to the SVD method in Quant3D 

(0.3-0.6%) is within the range of previously published variations using similar methods 

(e.g., 0.5%: Maga et al., 2006; 0.06-0.6%: Gosman and Ketcham, 2009).  

Resolution effects 

Since foot bones were scanned at a range of resolutions (voxel dimensions), 

recent studies recommend testing for the effects of resolution on trabecular fabric 

properties. While some parameters have not been found to vary with resolution, other 
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parameters such as trabecular thickness (Gosman and Ketcham, 2009; Ryan and Shaw, 

2012) and bone volume fraction (Gosman and Ketcham, 2009) are often resolution 

dependent. Four Infant 1 calcanei, tali, and MT 1s (one from each species) were used to 

assess resolution dependency in this sample. Infant 1 bones were selected because it is 

most important to ensure that resolution was sufficiently high in the smallest bones. 

Following the methods of Ryan and Shaw (2012), a VOI was extracted from each bone 

and then down-sampled to one higher (0.02) and four lower (0.03, 0.04, 0.05, and 0.06) 

spatial resolutions using the Resample module with a Lanczos filter in Avizo 7.1. These 

resampled resolutions encompass the full range of resolutions used in this study. Using 

the methods described above for the original analysis, trabecular parameters were 

calculated from the resampled VOIs in Quant3D. A least squares linear regression was 

run for each variable (DA, BV/TV, I, E, and Tb.Th) for each bone, however, none of 

these variables were significantly correlated with voxel size in any  bone (p > 0.05). As 

such, no correction factors for resolution effects were applied. 

Body Size 

It is assumed that this interspecific sample of both large-bodied ape and human 

infants and adults spans a wide range of body sizes. Body mass was not previously 

recorded for any individual in this sample. Although femoral head breadth (FHB) is 

likely the most reliable proxy for body mass (Ruff, 2003), FHBs were not always 

available for this sample. Calcaneal length correlates well with femoral head breadth 

throughout ontogeny in great apes (calcaneal length vs. FHB, R = 0.96) (Dunsworth, 

2006). Furthermore, foot posture and loading may be more affected by bone length (e.g., 

moment arm lengths and moments) than body mass. Thus, in order to test for scaling 

effects on trabecular fabric properties, a reduced major axis (RMA) regression of the 
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log10 values of calcaneal length and each trabecular variable was conducted in PAST and 

isometry was evaluated using 95% confidence intervals.  

Statistical analysis  

Intra and interspecific pair wise tests for differences in DA, BV/TV, I, E, and 

Tb.Th were conducted using an unpaired t-test. Since a single VOI was compared 

multiple times (e.g., ten times in intraspecific analyses; adult human talar PAF VOI was 

compared to Infant 2 human talar PAF VOI for DA (1), BV/TV (2), I (3), E (4), and 

Tb.Th (5) and to Infant 1 human talar PAF VOI for DA (6), BV/TV (7), I (8), E (9), and 

Tb.Th (10)), to account for multiple comparisons, a Bonferroni correction was used in 

order to prevent a type 1 error, thus lowering the significance cut-off from p < 0.05 to p < 

0.005. To test for regional differences within a MT 1 head (e.g., dorsal vs. central VOI or 

dorsal vs. plantar VOI), a t-test for dependent samples was conducted since the three 

VOIs in a single individual are not necessarily independent from one another.  Previous 

studies of foot bones suggest that trabecular fabric properties may be highly correlated. 

For example, in the MT 1 head, DA and BV/TV are significantly negatively correlated 

(Griffin et al., 2010). In the current study, correlations among variables were tested for 

using Pearson correlation coefficients. In addition to pair wise comparisons, a holistic 

approach was taken in which trabecular parameters were considered together. A 

discriminant function analysis (DFA) was conducted in order to test whether a suite of 

trabecular fabric properties could distinguish among the following foot posture 

categories: hallucal toe-off (adult humans), heel-strike with no hallucal toe-off (Infant 2 

humans), no heel-strike and no hallucal toe-off (Infant 1 humans), and lateral toe-off (all 

African apes). To account for the effect of body size, residuals from the RMA regression 

for calcaneal length and each variable were entered into a DFA with foot posture as the 
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grouping variable (following Ryan and Shaw, 2012). A canonical correlations analysis 

was run and root 1 was plotted again root 2 to visualize results. All statistical tests were 

run in Statistica 10 (www.statsoft.com) and unless otherwise noted, statistical significant 

was set at p < 0.05.  

RESULTS 

Talar PAF VOI 

Intraspecific comparisons (Talar PAF) 
 

Results for the talar PAF VOI mean DA, BV/TV, I, E, and Tb.Th are presented in 

Table 4.4. In humans, mean bone volume fraction was highest in adults, however, there 

were no significant differences across age categories (p < 0.05) (Table 4.5) (Figure 4.13). 

Mean trabecular thickness in adult humans was significantly higher than the Infant 2 

group (only before the Bonferroni correction; p < 0.05) and the Infant 1 group (p < 0.005) 

(Figure 4.14). Human Infant 2 and Infant 1 did not differ significantly in either BV/TV or 

Tb.Th (p > 0.05).  

As in humans, mean BV/TV and mean Tb.Th was highest in adult African apes 

(Table 4.5) (Figure 4.13 and Figure 4.14). In chimpanzees, BV/TV in adults was 

significantly higher than the Infant 2 group (only before the Bonferroni correction; p < 

0.05) (Table 4.5) (Figure 4.13). Adult chimpanzee Tb.Th was significantly higher than 

the Infant 2 group (p < 0.001) and Infant 1 group (only before the correction; p < 0.05). 

In gorillas, BV/TV in adults was not significantly different from the Infant 2 group (p > 

0.05). Although it was not possible to test for significance between BV/TV in Infant 1 

and older gorillas, the Infant 1 gorilla BV/TV mean fell within one standard deviation of 

the older age category means. In bonobos, BV/TV and Tb.Th. were highest in adults and 

http://www.statsoft.com/
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lowest in the Infant 2 group (Table 4.5). In gorillas, Tb.Th was significantly higher in 

adults than the Infant 2 group (p < 0.005) (Table 4.5). The Infant 1 gorilla mean fell 

outside the lower Infant 2 and adult gorilla range, suggesting that Tb.Th may increase 

steadily with age in gorillas. There were no significant differences in BV/TV or Tb.Th 

between the Infant 1 and Infant 2 groups in any African ape taxon (p > 0.05). Thus, while 

talar trabecular BV/TV and Tb.Th do not increase significantly from one to four years in 

humans or from one to five years in African apes, there is a trend of increasing BV/TV 

and Tb.Th from infancy (i.e., Infant 2 and Infant 1 combined) to adulthood in humans 

and African apes (i.e., adults had more densely packed, thicker trabeculae).  

Elongation index was highest in adults of all taxa, however, adult E was not 

significantly different from the Infant 2 group in any taxa (Table 4.5) (Figure 4.15). In 

humans, adult elongation index was significantly higher than that of the Infant 1 group (p 

< 0.005). This same pattern of adults having a significantly higher E than the Infant 1 

group was also found in chimpanzees (only before the correction; p < 0.05). However, 

elongation index did not differ significantly between Infant 2 and Infant 1 in humans or 

chimpanzees. In bonobos, elongation index was highest in adults.  

Ternary diagrams plot I and E on the same graph and the location of data points 

on the plot represents the relative shape of trabeculae. Data points that fall near the top 

apex of the graph are isotropic and spherical. Points that fall in the lower half of the graph 

are anisotropic, with points in the lower left as unidirected discs and points in the lower 

right as unidirected rods. In humans, trabeculae are relatively anisotropic and planar disk-

like (i.e., the points fall toward the lower left portion of the graph) with a trend of 

increasing planar-disk shape with age (i.e., Infant 1 individuals plot more toward the 

midline while adults plot farther left) (Figure 4.16). There is more overlap in point 
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distribution between age groups in African apes although, like humans, trabeculae in all 

of the African apes are relatively anisotropic and planar-disk like.   

Degree of anisotropy did not differ significantly across age categories in any 

taxon examined here (Table 4.5) (Figure 4.17). Along with degree of anisotropy and 

relative trabecular shape, color-coded rose diagrams help visualize the primary trabecular 

orientation. The primary trabecular axis is also represented in stereoplots. Points that fall 

toward the left or right of a stereoplot have a mediolateral (M-L) primary orientation 

while points located near the top or bottom of the stereoplot have a dorsoplantar (D-P) 

primary orientation. The axis coming directly into/out of the stereoplot is the 

anteroposterior axis so points that fall in the center of the plot are primarily along this A-

P axis. In adult humans, trabeculae are aligned along a primary A-P axis (Figure 4.18) 

with a specific anterodorsal to posteroplantar (AD-PP) orientation (i.e., in line with the 

predicted compressive forces at the talocalaneal joint) (Figure 4.19). Human Infant 2 and 

Infant 1 talar PAF trabeculae aligned along a primary A-P or P-D axis and had a D-P 

primary trabecular orientation. In all chimpanzees, trabeculae aligned along a primary D-

P axis (Figure 4.18) however, primary trabecular orientation differed across age 

categories: AD-PP in adults, D-P in the Infant 2 group, and anteroplantar to posterodorsal 

(AP-PD) in the Infant 1 group (Figure 4.20). In bonobos, talar trabeculae aligned along a 

primary mediolateral (M-L) axis in adults, D-P axis in the Infant 2 group, and A-P axis in 

the Infant 1 group (Figure 4.18). Specifically, primary trabecular orientation was 

anteromedial to posterolateral (AM-PL) in adult, D-P in Infant 2, and AD-PP in Infant 1 

bonobos (Figure 4.21). In adult gorillas, trabeculae aligned along a primary A-P axis and 

had an A-P primary trabecular orientation (Figure 4.18). In Infant 2 and Infant 1 gorillas, 
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trabeculae aligned along an A-P or D-P primary axis while primary orientation was D-P 

in the Infant 2 group and AD-PP in the Infant 1 group (Figure 4.22). 

Although DA did not differ significantly across age categories within any taxon, 

as age increased, trabecular orientation in the talar PAF changed from D-P to AD-PP in 

humans, from AP-PD to D-P to AD-PP in chimpanzees, from AD-PP to D-P to AM-PL 

in bonobos, and from AD-PP to P-D in gorillas. These results support the hypothesis that 

trabecular orientation changes throughout ontogeny in humans and suggests that loading 

angle (as opposed to loading intensity) at the talocalcaneal joint also changes with 

walking development in humans and African apes.  

Interspecific comparisons (Talar PAF) 
 

For DA and BV/TVof the talar PAF, there were no significant differences 

between any pair of taxa for any age category (p > 0.05) (Table 4.6). Elongation index 

was significantly higher in adult humans than adult gorillas (p < 0.005) but not 

chimpanzees (p > 0.05). Adult human trabecular thickness was significantly higher than 

that of adult chimpanzees (p < 0.005) and adult gorillas (only before the correction; p < 

0.01) and was higher than the one adult bonobo individual (Table 4.4). However, Tb.Th 

in Infant 2 humans was significantly lower than Infant 2 chimpanzees (p < 0.005) and 

Infant 2 gorillas (only before the correction; p < 0.05). There were no significant 

differences between chimpanzees and gorillas in any trabecular fabric property at any age 

category. Thus, compared to chimpanzees and gorillas, young (two to four year old) 

humans had significantly thinner trabeculae while adult humans had significantly thicker 

trabeculae. Significantly thick talar PAF trabeculae (i.e., a high Tb.Th) may distinguish 

adult humans from younger humans and from adult African apes.  
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Calcaneal PAF VOI 

Intraspecific comparisons (Calcaneal PAF VOI) 
 

Results for the calcaneal PAF VOI are presented in Table 4.7. In intraspecific 

comparisons of calcaneal PAF bone volume fraction, there were no significant 

differences across age categories within any taxon (p > 0.05) (Table 4.8) (Figure 4.23). 

Although it was not possible to test for statistical significance, BV/TV in the Infant 1 

human fell outside the upper range of Infant 2 and adult values. Conversely, mean 

BV/TV   in the gorilla Infant 1 individuals fell outside the lower range of Infant 2 and 

adult values. One to two year old infant humans may have more densely packed 

trabeculae than older infants and adults while one to two year old gorillas may have less 

densely packed trabeculae than older infants and adults.  

 Trabecular thickness in adult humans was significantly higher than Tb.Th in 

Infant 2 humans (only before the correction; p < 0.05) (Table 4.8) (Figure 4.24). While 

there were no significant differences between adult and Infant 2 chimpanzees (p > 0.05), 

adult chimpanzees had a significantly higher trabecular thickness than Infant 1 

individuals (only before the correction; p < 0.05). In bonobos, BV/TV and Tb.Th 

increased from the Infant 1 to Infant 2 to the adult individual (Table 4.8). In gorillas, 

there were no significant age-related differences in Tb.Th (p > 0.05). 

Elongation index did not differ significantly with age in humans (p > 0.05) (Table 

4.8) (Figure 4.25). Human calcaneal PAF trabeculae were relatively anisotropic and 

planar disk-like (i.e., the points fall toward the lower left portion of the graph) (Figure 

4.26).  In chimpanzees, E in adults was significantly higher than E in the Infant 2 group 

(only before the correction; p < 0.01) and Infant 1 group (only before the correction; p < 

0.01) although the Infant 2 and Infant 1 groups did not differ significantly from one 
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another (p > 0.05). Although chimpanzee calcaneal PAF trabecular are also relatively 

anisotropic and planar disk-like, there is more overlap in point distribution than in 

humans (Figure 4.26). Elongation index did not differ significantly with age in gorillas (p 

> 0.05) but Infant 1 gorillas appear to be more planar disk-like than Infant 2 or adult 

gorillas.  

Results do not support the hypothesis that calcaneal PAF trabecular orientation 

changes with age in humans. Degree of anisotropy did not differ significantly in any 

intraspecific comparison (p > 0.05) (Table 4.8) (Figure 4.27). However, the Infant 1 

individual fell outside the lower limit of Infant 2 and adult humans. As such, DA may 

increase with age in humans. However, unlike in humans, the Infant 1 gorilla mean fell 

outside the upper limit of Infant 2 and adult gorillas suggesting that DA may decrease 

with age in gorillas. 

Human calcaneal PAF trabeculae were aligned along a primary A-P or D-P axis 

in adults and along a primary A-P axis in the Infant 2 and Infant 1 groups (Figure 4.28). 

The primary trabecular orientation in all human age categories was AD-PP (Figure 4.29). 

Chimpanzee calcaneal PAF trabeculae were aligned along a primary A-P or D-P axis in 

adults and the Infant 2 group and along a primary A-P axis in the Infant 1 group.  As in 

humans, the primary trabecular orientation in all chimpanzee age categories was AD-PP 

(Figure 4.30). In bonobos, trabeculae aligned along a primary D-P axis in the adult and  

Infant 2 individuals (Figure 4.28), with an AD-PP primary trabecular orientation in both 

age categories (Figure 4.31). Gorilla calcaneal PAF trabeculae were aligned along a 

primary D-P axis in all age categories (Figure 4.28). As in all humans, chimpanzees, and 

bonobos, the primary trabecular orientation in all gorilla age categories was AD-PP 

(Figure 4.31).  
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Interspecific comparisons (Calcaneal PAF VOI) 
 

Adult humans had a significantly higher DA than adult chimpanzees and gorillas 

(only before the correction; p < 0.05) (Tables 4.7 and 4.9). Infant 2 humans had a 

significantly higher elongation index than Infant 2 chimpanzees (only before the 

correction; p < 0.01) but a significantly lower Tb.Th than Infant 2 chimpanzees and 

gorillas (only before the correction; p < 0.05). There were no significant differences 

between chimpanzees and gorillas for any trabecular fabric property (p > 0.05). Results 

do not support the hypothesis that adult human calcaneal PAF trabecular orientation 

differs from that of infant humans or from African apes but results do support the 

hypothesis that trabecular orientation does not differ with age within African apes. 

Calcaneal tendon VOI 

Intraspecific comparisons (Calcaneal tendon VOI) 

Results for the cacaneal tendon VOI are presented in Table 4.10. In humans, there 

were no significant differences in BV/TV (Figure 4.33) or Tb.Th (Figure 4.34) between 

adults and the Infant 2 group (p > 0.05) (Table 4.11).  However, the Infant 1 BV/TV 

value fell outside the upper range of Infant 2 and adult human values suggesting that 

BV/TV may be highest in one to two year old humans (Figure 4.33). Unlike humans, 

adult chimpanzee BV/TV was significantly higher than the Infant 2 (p < 0.005) and 

Infant 1 group (only before the correction; p < 0.05). Additionally, adult chimpanzee 

Tb.Th was significantly higher than that of the Infant 1 group (only before the correction; 

p < 0.05). In bonobos, BV/TV increased from the Infant 1 to Infant 2 to adult individuals 

while Tb.Th increased from infants (Infant 1 and Infant 2 were the same) to the adult 
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individual (Table 4.11). Like humans, there were no significant difference in BV/TV or 

Tb.Th between adult and Infant 2 gorillas.  

There were no significant differences in elongation index across age categories in 

any taxon (p > 0.05) (Figure 4.35). However, the Infant 1 human individual fell outside 

the lower range of Infant 2 and adult values suggesting that E may be lowest in one to 

two year old humans. In general, human calcaneal PAF trabeculae were relatively 

anisotropic and planar disk-like (Figure 4.36). Of humans, the Infant 1 individual is the 

least anisotropic and most unidirected rod-like. Like humans, all of the African apes had 

relatively anisotropic and planar disk-like trabeculae. However, unlike humans, in 

chimpanzees and gorillas, the Infant 1 individuals were more planar disk-like than some 

of the adults.  

Although DA did not differ significantly between adult and Infant 2 humans (p > 

0.05) (Table 4.11), the Infant 1 human  fell outside the lower range of Infant 2 and adult 

ranges (Figure 4.37), suggesting that DA may be lowest in one to two year old humans. 

In chimpanzees, DA was significantly lower in adults than the Infant 2 group (only 

before the correction; p < 0.05). As in humans, DA did not differ significantly between 

adult and Infant 2 gorillas (p > 0.05).  

Results do not support the hypothesis that adult human calcaneal tendon VOI 

trabecular orientation does not differ from that of infant humans. Human calcaneal 

tendon trabeculae were aligned along a primary P-D axis in adults and the Infant 1 

individual and along a primary P-D or A-P axis in the Infant 2 group (Figure 4.38). 

Primary trabecular orientation changed from AD-PP in Infant 1 and Infant 2 humans to 

AP-PD in adult humans (i.e., in line with the pull of the calcaneal tendon in adults) 

(Figure 4.29). Additionally, results do not support the hypothesis (or previous results of 
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Maga et al. (2006)) that adult human calcaneal tendon VOI trabecular orientation does 

not differ from that of African apes. In chimpanzees, trabeculae were aligned along a 

primary P-D axis in adults and an A-P axis in infants. Primary trabecular orientation was 

AD-PP in all chimpanzee age categories (Figure 4.30). In bonobos, trabeculae in the adult 

and Infant 2 individual were aligned along a primary A-P axis and had a primary AP-PD 

orientation (Figure 4.31). In gorillas, calcaneal tendon trabeculae aligned along a primary 

A-P or P-D axis in adults and the Infant 2 group and a D-P axis in the Infant 1 individuals 

(Figure 4.38). As in chimpanzees and bonobos, gorilla trabeculae were oriented in a 

primary AP-PD direction (Figures 4.30, 4.31, and 4.32) A primary AP-PD trabecular 

orientation that is in line with the direction of the pull of the calcaneal tendon in adult but 

not infant humans may be a distinguishing feature of adult humans (who use a hallucal 

toe-off).  

Interspecific comparisons (Calcaneal tendon VOI) 
 

In interspecific comparisons of calcaneal tendon trabeculae, there were no 

significant differences in DA, I, E, or Tb.Th between any pair of taxa (Table 4.12). Adult 

bone volume fraction was significantly higher in chimpanzees than gorillas, but only 

before the Bonferroni correction (p < 0.05). Trabecular orientation was AP-PD in adult 

humans but AD-PP in all African apes. Thus, calcaneal tendon trabecular orientation may 

distinguish adult humans (who use a hallucal toe-off) from African apes (who do not use 

a hallucal toe-off).  

MT 1 

Results for all of the MT 1 head VOIs are presented in Table 4.15. For all taxa, 

adult means and standard deviations for DA, BV/TV, and E were taken from Griffin 
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(2009). Since Griffin (2009) did not report on I or Tb.Th, these data were not available 

for adults. Adult data from Griffin (2009) were used to plot adult mean and standard 

deviation and test for significant differences between adults and the Infant 2 and Infant 1 

results from the current study.  

Intraspecific comparisons (MT 1 Dorsal VOI) 

Adult mean BV/TV was highest in all taxa (Table 4.16) (Figure 4.39). In humans, 

adult BV/TV was significantly higher than that of the Infant 2 group (only before the 

correction; p < 0.05) but not the Infant 1 group (p > 0.05). In chimpanzees, adult BV/TV 

was significantly higher than that of the Infant 2 group and the Infant 1 group (only 

before the correction; p < 0.05). In bonobos, BV/TV increased with age from the Infant 1 

to Infant 2 to adult individual (Table 4.16). Like chimpanzees, gorilla adult BV/TV was 

significantly higher than that of the Infant 2 group and the Infant 1 group (only before the 

correction; p < 0.05). In all taxa, BV/TV did not differ significantly between the Infant 2 

and Infant 1 group (p > 0.05). Additionally, in all taxa, Tb.Th did not differ significantly 

between the Infant 2 and Infant 1 group (p > 0.05) (Figure 4.40).  

Elongation index in adult humans was not significantly different from Infant 2 

and Infant 1 humans (p > 0.05, however E was significantly higher in the Infant 2 than 

the Infant 1 group (only before the correction; p < 0.05) (Figure 4.31). However, in 

chimpanzees and gorillas, there were no significant differences in elongation index 

between the Infant 2 and Infant 1 groups (p > 0.05). Human infant MT 1 dorsal 

trabeculae are relatively anisotropic and planar disk-like with Infant 2 individuals tending 

to be more disk-like than Infant 1 individuals (Figure 4.42). All African apes show the 

same anisotropic and planar disk-like shape as humans with overlap in Infant 2 and Infant 

1 point distribution.  
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In humans, adult DA was significantly higher than that of the Infant 1 group (only 

before the correction; p < 0.05) (Table 4.16) (Figure 4.45). The human Infant 2 group 

also had a significantly higher DA than the Infant 1 group (only before the correction; p < 

0.05), suggesting that DA may be lowest (i.e., trabeculae are the least organized) in one 

to two year old humans. There were no significant differences in DA across age 

categories in chimpanzees or gorillas (p > 0.05).  

In humans, MT 1 dorsal VOI trabeculae aligned along a primary A-P axis in the 

Infant 2 group and an A-P or D-P axis in the Infant 1 group (Figure 4.46). Primary 

trabecular orientation in both infant human groups was A-P (Figure 4.49), the same as in 

adult humans (Griffin et al., 2010). In chimpanzees, trabeculae aligned along a primary 

A-P axis in the infant 2 group but were more variable in the Infant 1 group, aligning 

along an A-P, P-D, or M-L axis (Figure 4.46). Primary trabecular orientation changed 

from M-L in Infant 2 chimpanzees to A-P in Infant 1 chimpanzees (Figure 4.50). In both 

bonobo infant groups, trabeculae aligned along a primary P-D axis (Figure 4.46) and 

primary trabecular orientation was AD-PP (Figure 4.51). In both gorilla infant groups, 

trabeculae aligned along a primary P-D axis (Figure 4.46). Primary trabecular orientation 

changed from A-P in the Infant 1 group and AP-PD in the Infant 2 group (Figure 4.52). 

Interspecific comparisons (MT 1 dorsal VOI) 

In the dorsal VOI, Infant 2 humans had a significantly higher DA than 

chimpanzees and gorillas (only before the correction; p < 0.05) (Table 4.17). There were 

no significant differences between Infant 2 chimpanzees and gorillas for any trabecular 

fabric property. For the Infant 2 group, BV/TV, E, and Tb.Th did not differ significantly 

among taxa.  
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Infant 1 humans had a significantly lower Tb.Th than chimpanzees (only before 

the corrections; p < 0.05). Infant 1 chimpanzees had a significantly higher Tb.Th than 

gorillas (only before the correction; p < 0.05). For the Infant 1 group, DAand E did not 

differ significantly among taxa.    

Central VOI 

Intraspecific comparisons (MT 1 central VOI) 

Adult mean BV/TV was highest in all taxa (Table 4.16) (Figure 4.39). In humans, 

adult BV/TV was significantly higher than that of the Infant 2 group (only before the 

correction; p < 0.05) but not the Infant 1 group (p > 0.05). As in humans, chimpanzee 

adult BV/TV was significantly higher than that of the Infant 2 group (only before the 

correction; p < 0.05) but not the Infant 1 group (p > 0.05). In bonobos, BV/TV was 

highest in the adult and lowest in the Infant 1 individual (Table 4.16). In gorillas, adult 

BV/TV did not differ from the Infant 2 group (p > 0.05), but did differ from the Infant 1 

group (only before the correction; p < 0.05). In all taxa, BV/TV did not differ 

significantly between the Infant 2 and Infant 1 group (p > 0.05). Additionally, in all taxa, 

Tb.Th did not differ significantly between the Infant 2 and Infant 1 group (p > 0.05) 

(Figure 4.40). In all taxa, MT 1 central VOI trabeculae are relatively anisotropic and 

planar disk-like with considerable overlap in Infant 2 and Infant 1 point distribution 

(Figure 4.51). 

Adult human DA was significantly higher than that of the Infant 2 and Infant 1 

group (only before the correction; p < 0.05) although there were no significant 

differences between the Infant 2 and Infant 1 group (p > 0.05) (Table 4.16) (Figure 4.45). 

In chimpanzees, adult DA was significantly lower than the Infant 2 group (only before 



 

177 
 

 

the correction; p < 0.05) but not the Infant 1 group (p > 0.05). Degree of anisotropy did 

not change significantly with age in gorillas (p > 0.05). 

In humans, trabeculae in the central MT VOI aligned along a primary A-P axis in 

the Infant 2 group and an A-P or D-P axis in the Infant 1 group (Figure 4.43). Primary 

trabecular orientation in both infant human groups was AD-PP (Figure 4.49). In 

chimpanzees, trabeculae aligned along a primary A-P axis in the infant 2 group but were 

more variable in the Infant 1 group, aligning along an A-P, P-D, or M-L axis (4.43). 

Primary trabecular orientation changed from AD-PP in Infant 1 to AP-PD in Infant 2 

chimpanzees (Figure 4.50). In both bonobo infant groups, trabeculae aligned along a 

primary P-D axis (Figure 4.43) and primary trabecular orientation was AL-PM (Figure 

4.51). In gorillas, trabeculae aligned along a primary A-P axis in the Infant 2 group and 

along an A-P or P-D axis in the Infant 1 group (Figure 4.43). As in chimpanzees, primary 

trabecular orientation changed from AD-PP in Infant 1 to AP-PD in Infant 2 gorillas 

(Figure 4.52). 

Interspecific comparisons (MT 1 central VOI) 

In the central VOI, Infant 2 humans had a significantly lower DA (only before the 

correction; p < 0.05), higher BV/TV (p < 0.005), and lower E (only before the correction; 

p < 0.05) than chimpanzees (Table 4.17). Infant 2 humans also had a significantly higher 

BV/TV than gorillas (only before the correction; p < 0.05) and gorillas (only before the 

correction; p < 0.05). There were no significant differences between Infant 2 

chimpanzees and gorillas for any trabecular fabric property. For the Infant 2 group, Tb.Th 

did not differ significantly among taxa. For the Infant 1 group none of the trabecular 

properties analyzed here differed significantly among taxa (p > 0.05).    
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Plantar VOI 

Intraspecific comparisons (MT 1 plantar VOI) 

Adult mean BV/TV was highest in all taxa (Table 4.16) (Figure 4.39). In humans, 

adult BV/TV was significantly higher than that of the Infant 2 group and the Infant 1 

group (only before the correction; p < 0.05). In chimpanzees, adult BV/TV was 

significantly higher than that of the Infant 2 group (p < 0.005) but not the Infant 1 group 

(p < 0.05). BV/TV did not change significantly with age in gorillas (p > 0.05). In all taxa, 

BV/TV did not differ significantly between the Infant 2 and Infant 1 group (p > 0.05). 

Additionally, in all taxa, Tb.th did not differ significantly between the Infant 2 and Infant 

1 group (p > 0.05) (Figure 4.40). 

Elongation index was significantly higher in adult humans than the Infant 2 group 

(only before the correction; p < 0.05) (Figure 4.41). There were no significant differences 

in E with age in chimpanzees (p > 0.05). In gorillas, E did not differ significantly (p > 

0.05). In all taxa, MT 1 dorsal trabeculae were relatively anisotropic and planar disk-like 

(Figure 4.44). In gorillas, Infant 2 and Infant 1 individuals form two distinguishable point 

clusters.  

In humans, adult DA was significantly higher than the Infant 2 and Infant 1 

groups (only before the correction; p < 0.05) (Figure 4.45). Additionally, DA in the Infant 

2 group was significantly higher than that of the Infant 1 group (only before the 

correction; p < 0.05), suggesting that DA may increase with age in the human MT 1 head 

plantar VOI. Degree of anisotropy did not change significantly with age in chimpanzees 

(p > 0.05). In gorillas, Infant 1 DA was significantly higher than the that of the Infant 2 

group and adults (only before the correction; p < 0.05), suggesting that one to two year 

old gorillas have the highest DA (i.e., the opposite pattern from humans).  
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In humans, trabeculae aligned along a primary A-P or P-D axis in the Infant 2 

group and a P-D axis in the Infant 1 group (Figure 4.48). Primary trabecular orientation 

was AP-DP in the human Infant 2 group and A-P in the Infant 1 group (Figure 4.49). In 

chimpanzees, trabeculae aligned along a primary A-P or P-D axis in the infant 2 group 

and a P-D or M-L axis (Figure 4.48). Primary trabecular orientation was AP-PD in both 

infant chimpanzee groups (Figure 4.50). In both bonobo infant groups, trabeculae aligned 

along a primary P-D axis (Figure 4.48). Primary trabecular orientation was AL-PM in the 

Infant 2 group and A-P in the Infant 1 group (Figure 4.51). In gorillas, trabeculae aligned 

along a primary P-D axis in the Infant 2 group and along a P-D or M-L axis in the Infant 

1 group (Figure 4.48). Primary trabecular orientation changed from A-P in Infant 1 to 

AP-PD in Infant 2 gorillas (Figure 4.52). 

Interspecific comparisons (MT 1 plantar VOI) 

In the plantar VOI, Infant 2 humans had a significantly lower BV/TV than 

chimpanzees and gorillas (only before the correction; p < 0.05) (Table 4.17). For the 

Infant 2 group, DA, I, E, and Tb.Th did not differ significantly among taxa.  

Infant 1 humans had a significantly lower Tb.Th than chimpanzees and gorillas 

(only before the corrections; p < 0.05). Additionally, Infant 1 humans had a significantly 

lower DA and higher isotropy index than gorillas (only before the correction; p < 0.05). 

Compared to gorillas, Infant 1 chimpanzees had a significantly lower DA (only before the 

correction; p < 0.05). Infant 1 chimpanzees had a significantly higher Tb.Th than gorillas 

(only before the correction; p < 0.05). For the Infant 1 group, DA, and E did not differ 

significantly among taxa.    

Dorsal vs Central vs Plantar VOI 
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In Infant 2 humans, DA was significantly higher in the dorsal VOI than the 

central VOI (only before the correction; p < 0.05) but not the plantar VOI (p > 0.05) 

suggesting that the central VOI has the lowest DA (Table 4.18). In infant 2 humans, 

BV/TV, E, and Tb.Th did not differ significantly among the three MT 1 head VOIs. In 

Infant 1 humans, DA was significantly higher in the dorsal VOI than the central VOI and 

the plantar VOI (only before the correction; p < 0.05). There were no significant 

differences in BV/TV, E, or Tb.Th among the three VOIs in Infant 1 humans. 

Infant 2 chimpanzees, DA was significantly lower in the dorsal VOI than the 

central VOI (only before the correction; p < 0.05) but not the plantar VOI (p > 0.05), 

suggesting that the central VOI has the highest DA (Table 4.18). Bone volume fraction in 

the Infant 2 chimpanzee dorsal VOI was significantly lower than the central VOI (only 

before the correction; p < 0.05) but significantly higher than the plantar VOI (only before 

the correction; p < 0.05) suggesting that BV/TV is highest in the central VOI. Although E 

in Infant 2 chimpanzees did not differ significantly from the central VOI, it was 

significantly lower than the plantar VOI (only before the correction; p < 0.05) suggesting 

that E is highest in the plantar VOI. In Infant 2 chimpanzees Tb.Th did not differ 

significantly across the three VOIs. In Infant 1 chimpanzees, there were no significant 

differences in any trabecular fabric property across the three VOIs.  

In Infant 2 gorillas, DA in the dorsal VOI was significantly higher than the central 

VOI (p < 0.005) and plantar VOI (p < 0.005) suggesting that DA is highest in the dorsal 

VOI. In Infant 2 gorillas, BV/TV, E, and Tb.Th did not differ significantly across the 

three VOIs. A different pattern was found in the Infant 1 gorillas. Degree of anisotropy in 

the dorsal VOI was significantly higher than the central VOI (only before the correction; 

p < 0.05) but lower than the plantar VOI (only before the correction; p < 0.05), 
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suggesting that DA is highest in the plantar VOI. As in Infant 2 gorillas, in Infant 1 

gorillas, BV/TV, E, and Tb.Th did not differ significantly across the three VOIs. 

Hallucal distal phalanx 
 

In the human hallucal distal phalanx, DA, BV/TV, and E did not differ 

significantly between adults and the Infant 2 group (Table 4.19) (Figure 4.53).  Adult 

human trabecular thickness was significantly higher than the Infant 2 group, but only 

before the Bonferonni correction (p < 0.05). The DA, E, and Tb.Th value for the Infant 1 

individual fell within the range of Infant 2 or adult values suggesting that these trabecular 

fabric properties do not change with age in the human HDP. However, the Infant 1 

BV/TV fell outside the upper limit of the Infant 2 group and adults, suggesting that HDP 

BV/TV may be highest in one to two year old humans and decrease with increasing age.  

Hallucal distal phalangeal trabeculae were relatively anisotropic and planar disk-

like in all human age categories (Figure 4.54). Trabeculae aligned along a primary A-P or 

P-D plane in adult and Infant 2 humans and along a more M-L plane in the Infant 1 

individual (Figure 4.55).  Primary trabecular orientation was AD-PP in adult and Infant 2 

humans but anteromedial to posterolateral in the Infant 1 individual (Figure 4.56). Lack 

of significant differences between adult and Infant 2 humans does not support the 

hypothesis that there are trabecular fabric properties in the head of the human HDP that 

can distinguish adults from infants. 

Correlations  

For each taxon, all age categories were combined in order to test for significant 

correlations among trabecular fabric properties in each VOI (Tables 4.20, 4.21, and 4.22). 

For all correlations, significance was set as p < 0.05. Within a taxon, correlations among 
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trabecular fabric properties differed depending on which VOI was examined. In humans, 

DA was significantly positively correlated with E in the talar PAF, calcaneal PAF, 

calcaneal tendon, MT 1 head plantar, and HDP VOIs (i.e., anisotropic trabeculae were 

more rod-like in these VOIs) (Table 4.20). Human Tb.Th was significantly positively 

correlated with BV/TV and E in the talar PAF VOI (i.e., thick trabecular struts were 

densely packed and rod-like in these VOIs) and positively correlated with DA in the MT 

1 head dorsal VOI (i.e., thick trabecular struts were anisotropic in this VOI).  

In chimpanzees, DA was positively correlated with elongation index in the talar 

PAF and calcaneal tendon VOIs (i.e., anisotropic trabeculae were more rod-like in these 

VOIs) (Table 4.21). Chimpanzee elongation index and isotropy index was significantly 

negatively correlated in the talar PAF and calcaneal tendon VOIs. Chimpanzee BV/TV 

was significantly positively correlated with Tb.Th in the talar PAF (i.e., densely packed 

trabeculae were thick in this VOI), calcaneal tendon, MT 1 head central, and MT 1 head 

plantar VOIs, and negatively correlated with E in the calcaneal tendon (i.e., densely 

packed trabeculae were planar disk-like in this VOI).  

In gorillas, DA was significantly positively correlated with E in the talar PAF and 

MT 1 head dorsal VOIs (i.e., anisotropic trabeculae were more rod-like in these VOIs) 

(Table 4.22). Gorilla Tb.Th was significantly negatively correlated with DA and E in the 

calcaneal PAF (i.e., thick trabeculae were anisotropic and rod-like in this VOI), but 

positively correlated with BV/TV in the talar PAF, calcaneal PAF, calcaneal tendon, and 

MT 1 head plantar VOI (i.e., thick trabeculae were densely packed in these VOIs).  

Allometric scaling 
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Reduced major axis regression showed that none of the trabecular properties 

examined in this study were significantly correlated with calcaneal length. Future 

analyses should consider a volumetric measure of the calcaneal length as a body mass 

proxy with which to test allometric scaling relationships. An ontogenetic analysis of 

allometry using calcaneal length was not possible because the proximal calcaneal 

apophysis was missing in infants but present in adults. With a broader range of body 

masses than the current adult body mass range, an ontogenetic study may have yielded 

significant correlations between body mass and pedal trabecular fabric properties.  

Multivariate analyses 

Talar PAF VOI 

A canonical correlations analysis produced two significant discriminant functions 

(roots) (p < 0.001). Root 1 accounts for 86% of trabecular variance while root 2 accounts 

for 59% of variance (Figure 4.57). Root 1 is most highly correlated with trabecular 

thickness and degree of anisotropy (Table 4.23). An F-test of between group separations 

is only statistically significant in all comparisons with adult human hallucal toe-offers 

(Table 4.24). This clear separation of the hallucal toe-offer can be seen in Figure 4.57. 

While there is overlap among non hallucal toe-offers who heel-strike, non hallucal toe-

offers who do not heel-strike, and lateral toe-offers, hallucal toe-offers do not fall within 

any of these ranges. 

Of the thirty two individuals in this sample, the disciminant functions correctly 

classified twenty six (81.25% correct) (Table 4.25). All three of the adult human hallucal 

toe-offers were classified correctly. Only 25% of two to four year old human presumed 

non hallucal toe-offers who used a heel-strike were classified correctly. One of the three 
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(33.33%) predicted non hallucal toe-offers who did not heel-strike was classified 

correctly. However, almost all (95.5%) of the African ape lateral toe-offers were 

classified correctly.  

Calcaneal PAF VOI 

A canonical correlations analysis produced two significant discriminant functions 

(roots) (p < 0.001). Root 1 accounts for 62% of trabecular variance while root 2 accounts 

for only 33% of variance (Figure 4.58). Root 1 is most highly correlated with bone 

volume fraction and isotropy index while root 2 is most highly correlated with isotropy 

index and trabecular thickness (Table 4.23). An F-test of between group separations was 

statistically significant in all comparisons with adult human hallucal toe-offers and in the 

comparison between one to two year old humans who did not use a hallucal toe-off or 

heel-strike and two to four year old humans who did not use a hallucal toe-off but did 

heel-strike (Table 4.24).  

Of the thirty individuals in this sample, the disciminant functions correctly 

classified twenty five (88.33% correct) (Table 4.26). All of the adult human hallucal toe-

offers and all of the two year old humans who did not use a hallucal toe-off or heel-strike 

were classified correctly. Only 20% of the two to four year old humans who did not use a 

hallucal toe-off but did heel-strike were classified correctly. Almost all (94.74%) of the 

African ape lateral toe-offers were classified correctly.   

Calcaneal tendon VOI 

A canonical correlations analysis produced two significant discriminant functions 

(roots) (p < 0.001). Root 1 accounts for 66% of trabecular variance while root 2 accounts 

for 43% of variance (Figure 4.59). Root 1 is most highly correlated with isotropy index 



 

185 
 

 

and degree of anisotropy while root 2 is highly correlated with elongation index and 

degree of anisotropy (Table 4.24). An F-test of between group separations did not result 

in any significant differences among foot posture groups (Table 4.25). This lack of 

separation can be seen in Figure 4.59.  

Of the thirty one individuals in this sample, the disciminant functions correctly 

classified twenty four (77.4% correct) (Table 4.26). Only 40% of the adult human 

hallucal toe-offers and to four year old human non hallucal toe-offers who used heel-

strike were classified correctly. The one non hallucal toe-offer who did not heel-strike 

was classified correctly. Almost all (95.5%) of the African ape lateral toe-offers were 

classified correctly.  

MT 1 Dorsal VOI 

A canonical correlations analysis produced two significant discriminant functions 

(roots) (p < 0.001). Root 1 accounts for 39% of trabecular variance while root 2 accounts 

for only 2% of variance (Figure 4.60). Root 1 is most highly correlated with bone volume 

fraction and isotropy index while root 2 is most highly correlated with isotropy index and 

trabecular thickness (Table 4.24). An F-test of between group separations did not result in 

any significant differences among foot posture groups (Table 4.25). This lack of 

separation can be seen in Figure 4.60.  

Of the twenty four individuals in this sample, the disciminant functions correctly 

classified sixteen (66.67% correct) (Table 4.26). None of the human non hallucal toe-

offers who used heel-strike or non hallucal toe-offer who did not heel-strike were 

classified correctly. However, 100% of the African ape lateral toe-offers were classified 

correctly.  
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Hallucal distal phalanx VOI 
 The canonical correlations analysis was not able to produce two discriminant 
functions.  

DISCUSSION 

During stance phase of walking in adult humans, the lateral calcaneus contacts the 

ground first, followed by either the fifth metatarsal and then metatarsals IV through I or 

all five metatarsals simultaneously (Reeser et al., 1983), and finally the lateral toes (digits 

2-5) and hallux (Elftman and Manter, 1935). Following heel-strike, the center of pressure 

is translated forward along the lateral midfoot, followed by a lateral to medial “roll-over” 

of the foot, moving the center of pressure eventually under the metatarsal heads and then 

beneath the hallux during the final push-off (Grundy et al., 1975; Bojsen-Moller and 

Lamoreux, 1979; Czerneicki, 1988). The foot experiences high fore-aft forces in the latter 

half of stance as the forefoot pushes against the ground prior to toe-off (Li et al., 1996; 

Neptune et al., 2001; Gotschall and Kram, 2003). This study tested the hypotheses that 

pedal trabecular architecture preserves evidence of assumed ground reaction and joint 

force loading associated with a rigid foot and a propulsive hallucal toe-off in adult 

humans. 

The first hypothesis that adult human trabecular fabric properties differ 

significantly from infant human trabeculae was supported in a few VOIs. The only 

trabecular property in the calcaneal PAF VOI that supported the first hypothesis was 

Tb.Th; adult humans were distinguished from infant humans by having significantly 

thicker trabecular struts. This same pattern, that adult humans have significantly thicker 

trabeculae, was also found in the talar PAF VOI. However, it is interesting to note that 

when all trabecular fabric properties are combined in a multivariate analysis, trabecular 
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thickness contributes to root 2 but not root 1. In the human MT 1 dorsal VOI, DA was 

significantly higher in adults than in the Infant 1 group.  

The second hypothesis, that adult humans have a different primary trabecular 

orientation than toddlers in all VOIs except the calcaneal tendon VOI, was partially 

supported. Among humans, adults were the only group to have an AD-PP primary 

trabecular orientation in the talar PAF, an orientation that is in line with the predicted 

forces acting at the TCJ. As such, primary trabecular orientation changed from D-P in the 

Infant 1 and Infant 2 groups to AD-PP in adults, suggesting that the angle of loading at 

the TCJ changes with age (and locomotor experience) in humans. This same AD-PP 

primary orientation was also found in the complementary calcaneal PAF VOI of adults, 

supporting the predicted direction of loading at the TCJ in adults. However, in the 

calcaneal PAF, this orientation was not restricted to adult humans. In the human hallucal 

distal phalanx, adults and Infant 2 individuals had the same primary trabecular orientation 

but this orientation differed from the Infant 1 group suggesting that trabecular orientation 

changes with age in the human hallucal distal phalanx. 

Contrary to predictions, trabecular orientation also distinguished adult humans 

from infants in the calcaneal tendon VOI. As predicted, only adult humans had an AP-PD 

primary orientation, in line with the pull of the calcaneal tendon. Therefore compared to 

infants, adult human calcanei may experience relatively high tensile forces from the 

calcaneal tendon as the ankle plantarflexes in preparation for toe-off. Intensified pull of 

the calcaneal tendon during powerful plantarflexion in adult humans compared to 

toddlers is supported by significant differences in fore-aft propulsive forces prior to lift-

off children and adults, with peak propulsive force increasing with age (Kimura et al., 

3005; Samson et al., 2011). 
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The third hypothesis, that trabeculae do not change significantly with age in 

African apes, was also supported by a variety of sets of trabecular properties in each VOI. 

For example, in the talar PAF VOI, chimpanzee and gorilla E and Tb.Th did not change 

with age. However, trabecular orientation in the talar PAF changed from AP-PD to D-P 

to AD-PP in chimpanzees, from AD-PP to D-P to AM-PL in bonobos, and  from AD-PP 

to P-D in gorillas. These results suggest that, contrary to predictions, as in humans, 

trabecular orientation also changes throughout ontogeny in African apes and implies that 

loading angle (as opposed to loading intensity) at the talocalcaneal joint also changes 

with walking development in h African apes.  In the calacneal PAF VOI, there were no 

significantly age related changes in chimpanzee and gorilla DA, BV/TV, or trabecular 

orientation (AD-PP), nor were there changes in gorilla elongation index (see Table 4.27 

for the complete summary of variables that did not change significantly with age in 

African apes).   

In general, there were more significant differences across age categories in 

chimpanzees than in gorillas (Table 4.27). This is interesting and may imply that the rate 

of development of lift-off postures differ between chimpanzees and gorillas (i.e., gorillas 

develop mature foot postures earlier) and/or that the mechanics of lift-off differ between 

infant chimpanzees and gorillas. In nearly all comparisons, adult chimpanzees did not 

differ significantly from adult gorillas.  

This study revealed several potential ontogenetic trends. Degree of anisotropy 

may increase with age in humans but decrease with age in gorillas (calcaneal PAF VOI). 

Bone volume fraction may decrease with age in the human calcaneal PAF and calcaneal 

tendon VOIs but increase with age in the talar PAF. Bone volume fraction may increase 

with age in the gorilla calcaneal PAF VOI. In the talar PAF, there is a trend of increasing 
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Tb.Th from infancy (i.e., Infant 2 and Infant 1 combined) to adulthood in humans and 

African apes (i.e., adults had more densely packed, thicker trabeculae).   

The fourth hypothesis, that for a given age category, humans have significantly 

different trabecular fabric property values than African apes, was supported by only a few 

comparisons. In the talar PAF VOI, humans had significantly thicker trabeculae than 

chimpanzees and significantly more rod-like trabeculae than gorillas. In the calcaneal 

PAF VOI, trabeculae were significantly more anisotropic in adults than in chimpanzees 

or gorillas. In the calcaneal tendon, adult human trabecular orientation (AP-PD) differed 

from that of chimpanzees and gorillas. While trabeculae in the adult human MT 1 dorsal 

VOI were significantly more anisotropic than those of  adult great apes (Griffin et al., 

2010), there were no significant differences between DA in infant human and African ape 

MT 1 head dorsal VOIs. These results support the hypothesis that, unlike adult humans 

who use a propulsive hallucal toe-off, African apes may not experience stereotypical 

compressive loading at the MTPJ 1 during lift-off. 

Some trabecular fabric properties were highly correlated with one another, 

however, contrary to the predictions for the fifth hypothesis, in humans, BV/TV was 

significantly negatively correlated with DA in the calcaneal tendon VOI and not 

correlated with DA in any other VOI, and BV/TV was only positively correlated with 

Tb.Th in the calcaneal tendon. These results suggest that correlations among trabecular 

fabric properties are highly variable and that trabecular efficiency is complex and can be 

accomplished in more ways than one.  

To answer the question, “Do predicted loading patterns during a bipedal 

propulsive hallucal toe-off result in a unique internal toe-off signal within adult human 

foot bones?” it is necessary to combine intraspecific and interspecific results. Only 
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trabecular fabric properties that can significantly distinguish adult humans from Infant 1 

humans, Infant 2 humans, and all African apes can be considered uniquely (adult) human 

and thus possible functional correlates to a hallucal toe-off. In this foot bone sample, the 

only property that satisfied this requirement was the AD-PP primary trabecular 

orientation in the calcaneal tendon VOI. Interestingly, these results do not agree with 

those of Maga et al. (2006) who found that adult humans and adult great apes shared an 

AD-PP primary trabecular orientation. While Maga et al. (2006) concluded that both apes 

and humans may experience similar calcaneal loading while plantarflexing (during toe-

off in humans and during climbing in apes), results of the current study suggest that 

tensile loading from the calcaneal tendon may be more stereotypical during a hallucal 

toe-off than it is during African ape plantarflexion. There are two possible reasons for 

this discrepancy in results. First, the Maga et al. (2006) preliminary study had a smaller 

sample size than that of the current study (e.g., n = 1 or n = 2). Second, VOI shape and 

location differed slightly between the two studies. While Maga et al. (2006) examined a 

dorsoplantarly centered cubic VOI, the current study investigated a spherical VOI that 

was located near the lower insertion of the calcaneal tendon (i.e., often but not 

necessarily dorsoplantarly centered). Future analyses should test the effects of moving the 

VOI more superiorly.  

When trabecular fabric properties were considered together, a discriminant 

function analysis was able to distinguish adult humans who use a hallucal toe-off from all 

other foot posture groups in the two VOIs representing the TCJ, the talar PAF and 

calcaneal PAF VOIs. These results support the hypothesis that the talus and calcaneus 

experience compressive forces at the TCJ during a propulsive hallucal toe-off while one 
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to four year old humans and all African apes lack this close-packing of the TCJ and likely 

lack a rigid foot from midstance to lift-off.  

CONCLUSIONS 

The patterns in which trabecular fabric properties change throughout ontogeny in 

foot bones are complicated yet revealing. These complex patterns are likely due to the 

fact that foot bone loading is also extremely complex. Developmental changes in 

trabecular morphology do not always (or often) follow predicted changes in loading 

associated with the development of a propulsive hallucal toe-off in humans. There is 

regional variability within a single bone (e.g., MT 1 dorsal, central, and plantar VOIs) 

and within the foot itself (talus vs calcaneus). This regional variability is either reflective 

of loading variability or it may indicate differences in the response of trabeculae to 

loading regimes (e.g., loading intensity vs loading rate) in different bones or at different 

joints (i.e., trabeculae may respond to functional loading at some joints but not others).  

This chapater reveals trabecular patterns associated with a propulsive hallucal toe-

off that, when applied to the fossil record, will help identify the earliest hallucal toe-off. 

Specifically, evidence of an AP-PD primary trabecular orientation in a VOI near the 

insertion of the calcaneal tendon in a fossil hominin will indicate high tensile forces from 

the pull of the Achiles tendon during a propulsive hallucal toe-off. A relatively high DA 

in the MT 1 dorsal VOI is indicative of compressive forces experienced during a 

propulsive hallucal toe-off. Additionally, when trabecular properties in the calcaneal 

posterior articular facet (PAF) VOI and talar PAF VOI are considered as a suite, a 

discriminant function analysis will classify fossil hominin lift-off as either adult human-

like or not.  
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Figure 4.1: Tali. 

Dorsal (left) and ventral (right) views of (top row) Infant 1, (middle row) Infant 2, and 
(bottom row) adult (A) Gorilla gorilla, (B) Pan paniscus, (C) Pan troglodytes, and (D) 
Homo sapiens left tali. The talar posterior articular facet is colored purple to highlight 
size and shape differences between species and between age categories within species.  
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Figure 4.2: Forces acting on the talus and calcaneus. 
 
This figure represents a free body diagram of the talus and calcaneus with some of the 
potential forces acting on the bones and across the joint surfaces in an adult (A) gorilla, 
(B) chimpanzee, and (C) human prior to lift-off. Black arrows show the direction of 
compressive and tensile forces based on muscle attachment locations, locomotor loading, 
and modeling by Preuschoft (1970: Figs. 27 and 30) and Giddings et al. (2000: Fig. 4).   
In the human, the peak forces acting on the calcaneus at 70% of stance during walking 
have been modeled by Giddings et al. (2000):  intrinsic foot muscles on the plantar 
surface (PM) = 1.2 X body weight, plantar ligaments (PL) = 2.2 BW, calcaneocuboid 
joint (CCJ) = 4.2 BW, calcaneal tendon (CT) = 3.9 BW, and talocalcaneal joint (TCJ) = 
5.4 BW. If adult humans experience a more metatarsophalangeal dorsiflexion and a more 
stereotypical propulsive toe-off than African apes, then tensile forces from the pull of the 
calcaneal tendon during plantarflexion are expected to be higher (longer arrow) in 
humans than African apes. When the plantar ligaments, plantar muscles, and calcaneal 
tendon pull at the same time, there is a combined resultant force acting against the TCJ 
(gray arrow). If the pull of the calcaneal tendon is stronger in humans, then the resultant 
force is steeper and affects the superior aspect of the TCJ. If the pull of the calcaneal 
tendon is weaker in all African apes and in infant humans (not shown here), then the 
angle of the resultant force is less steep and affects the antero-inferior aspect of the TCJ. 
In addition to the resultant force, the talus receives compressive forces (white arrows) at 
the talonavicular (TNJ) and tibiotalar joints (TTJ). Note that the image (modified from 
Gebo, 1992) is not to scale. 
 
 
 
 
 



 

194 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 4.3: Measurements for scaled VOIs. 

This figure shows the measurements that were taken on adult human foot bones. (A) 
Lateral view of a hallucal distal phalanx. Arrow shows the dorsoplantar height of the 
head.  (B) Distal and lateral views of a MT 1. The solid arrow shows the dorsoplantar 
height of the head and the dashed line shows the mediolateral breadth of the head. (C) 
Plantar view of a talus. The arrow shows the height of the posterior articular facet. (D) 
Dorsal view of a calcaneus. The arrow shows the maximum anteroposterior length of the 
calcaneus (calcaneal length).   
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Figure 4.4: Talar VOI location. 

(A) Lateral view of isosurface reconstructions of (top row) an Infant 1, (middle row) an 
Infant 2, and (bottom row) an adult human left talus. Each isosurface shows the 
approximate location of a (B) mid-sagittal and a (C) coronal cross-section. B and C show 
the approximate location of the (blue circle) spherical VOI in each CT scan slice. 
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Figure 4.5: Calcanei. 

Dorsal and ventral views of (top row) Infant 1, (middle row) Infant 2, and (bottom row) 
adult (A) Gorilla gorilla, (B) Pan paniscus, (C) Pan troglodytes, and (D) Homo sapiens 
left calcanei. The calcaneal posterior articular facet is colored purple to highlight size, 
shape, and orientation differences between species and between age categories within 
species.  
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Figure 4.6: Calcaneal VOI locations. 

(A) Lateral view of isosurface reconstructions of (top row) an Infant 1, (middle row) and Infant 2, and (bottom row) an adult 
human left calcaneus. Each isosurface shows the approximate location of a (B) mid-sagittal, (C) anterior coronal cross-section 
and (D) posterior coronal cross-section. B and C show the approximate location of the (yellow circle) calcaneal posterior 
articular facet VOI. B and D show the approximate location of the (blue circle) calcaneal tendon VOI. 

A B C D 
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Figure 4.7: First metatarsals 

Dorsal (left) and ventral (right) views of (top row) Infant 1 and (bottom row) Infant 2 (A) Gorilla gorilla, (B) Pan paniscus, 
(C) Pan troglodytes, and (D) Homo sapiens left first metatarsals.  
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Figure 4.8: Predicted forces acting on the forefoot in preparation for lift-off. 

A simplified diagram of predicted ground reaction and metatarsophalangeal joint forces 
acting on the forefoot of one to two year old toddlers (top row), two to four year old 
toddlers (second row),  adult humans (third row), and African apes (bottom row) at 
propulsive peak (left) and lift-off (right). The location of the center of pressure (black 
circle), under metatarsals 2-5, and the direction of the ground reaction force resultant 
(GRFr, red arrow) in toddlers is based on results from Chapter 2. In adult humans, the 
GRFr is predicted to project anteriorly (propulsive fore-aft forces) through the MT 1 head 
prior to lift-off and through the hallucal distal phalanx at hallucal toe-off. Compressive 
forces associated with the windlass mechanism (black arrows) in adult humans are 
assumed to be on the dorsal aspect of the first metatarsophalangeal joint. In African apes, 
the center of pressure is assumed to be located under the lateral toes so that the GRFr 
does not project through the hallux.  
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Figure 4.9: First metatarsal head VOI location. 

(A) Lateral view of isosurface reconstructions of (top row) an Infant 1 and (bottom row) 
an Infant 2 human left first metatarsal heads. Each isosurface shows the approximate 
location of a (B) mid-sagittal and a (C) coronal cross-section. B and C show the 
approximate location of the dorsal (blue circle), central (white circle), and plantar (yellow 
circle) spherical VOI in each CT scan slice. 
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Figure 4.10: Hallucal distal phalanges. 

Dorsal (left) and ventral (right) views of (top row) I1 infant, (middle row) I2 infant, and 
(bottom row) adult (A) Gorilla gorilla, (B) Pan troglodytes, and (C) Homo sapiens 
HDPs.  
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Figure 4.11: Hallucal distal phalanx VOI location. 

(A) Lateral view of isosurface reconstructions of (top row) an adult, (middle row) Infant 
2, (bottom row) Infant 1 left hallucal distal phalanx. Each isosurface shows the 
approximate location of a (B) mid-sagittal and a (C) coronal cross-section. B and C show 
the approximate location of the (blue circle) spherical VOI in each CT scan slice. 
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Figure 4.12: African ape hallucal distal phalanges.  

 
A = adult Pan troglodytes. B = infant 2 Gorilla gorilla.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A B 
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Figure 4.13: Mean and one standard deviation plots of bone volume fraction across age categories.  

Homo sapiens adult n = 3, Infant 2 = 4, Infant 1 = 3. Pan troglodytes adult n = 3, Infant 2 = 4, Infant 1 = 3. Gorilla gorilla 
adult n = 3, Infant 2 = 4, Infant 
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Figure 4.14: Mean and one standard deviation plots of trabecular thickness across age categories.  

* indicates significance (even after the Bonferroni correction; p < 0.005) between two age categories. In Homo sapiens, adults 
have significantly thicker trabeculae than the Infant 1 group. In Pan troglodytes and Gorilla gorilla, adults have significantly 
thicker trabeculae than the Infant 2 group. Homo sapiens adult n = 3, Infant 2 = 4, Infant 1 = 3. Pan troglodytes adult n = 3, 
Infant 2 = 4, Infant 1 = 3. Gorilla gorilla adult n = 3, Infant 2 = 4, Infant 
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Figure 4.15: Mean and one standard deviation plots of elongation index across age categories.  

 
* indicates significance (even after the Bonferroni correction; p < 0.005) between two age categories. In Homo sapiens, adults 
have trabeculae that are significantly more rod-like than the Infant 1 group. Homo sapiens adult n = 3, Infant 2 = 4, Infant 1 = 
3. Pan troglodytes adult n = 3, Infant 2 = 4, Infant 1 = 3. Gorilla gorilla adult n = 3, Infant 2 = 4, Infant 
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Figure 4.16: Talar PAF ternary plots. 

 
Data points that fall near the top apex of the graph are isotropic and spherical. Points that 
fall in the lower half of the graph are anisotropic, with points in the lower left as planar 
discs and points in the lower right as unidirected rods. 
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Figure 4.17: Mean and one standard deviation plots of degree of anisotropy across age groups in the talar PAF VOI. 

Homo sapiens adult n = 3, Infant 2 = 4, Infant 1 = 3. Pan troglodytes adult n = 3, Infant 2 = 4, Infant 1 = 3. Gorilla gorilla 
adult n = 3, Infant 2 = 4, Infant 
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Figure 4.18: Stereoplots of primary eigenvectors for the talar PAF.   

Points that fall toward the left or right of a stereoplot have a mediolateral primary 
orientation while points located near the top or bottom of the stereoplot have a 
dorsoplantar primary orientation. The axis coming directly into/out of the stereoplot is the 
anteroposterior axis so points that fall in the center of the plot are primarily along this A-
P axis. 
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Figure 4.19: Homo sapiens rose diagrams for the talar PAF VOI.  

Blue circles represent the volume of interest near the talar PAF of adult (top row), Infant 
2 (middle row), and Infant 1 (bottom row) humans. Lateral views of talar sagittal cross-
sections and rose diagrams are oriented with anterior to the left, posterior to the right, 
dorsal to the top, and plantar to the bottom. Note that the infant tali are enlarged to show 
the trabecular struts and as such, tali images are not to scale. 
 
 

Homo sapiens talus 
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Figure 4.20: Pan troglodytes rose diagrams for the talar PAF VOI.  

Blue circles represent the volume of interest near the talar PAF of adult (top row), Infant 
2 (middle row), and Infant 1 (bottom row) chimpanzees. Lateral views of talar sagittal 
cross-sections and rose diagrams are oriented with anterior to the left, posterior to the 
right, dorsal to the top, and plantar to the bottom. Note that the infant tali are enlarged to 
show the trabecular struts and as such, tali images are not to scale. 
 
 

Pan troglodytes talus 
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Figure 4.21: Pan paniscus rose diagrams for the talar PAF VOI.  

Blue circles represent the volume of interest near the talar PAF of adult (top row), Infant 
2 (middle row), and Infant 1 (bottom row) bonobos. Lateral views of talar sagittal cross-
sections and rose diagrams are oriented with anterior to the left, posterior to the right, 
dorsal to the top, and plantar to the bottom. Note that the infant tali are enlarged to show 
the trabecular struts and as such, tali images are not to scale. 
 
 

Pan paniscus talus 
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Figure 4.22: Gorilla gorilla rose diagrams for the talar PAF VOI.  

Blue circles represent the volume of interest near the talar PAF of adult (top row), Infant 
2 (middle row), and Infant 3 (bottom row) gorillas. Lateral views of talar sagittal cross-
sections and rose diagrams are oriented with anterior to the left, posterior to the right, 
dorsal to the top, and plantar to the bottom. Note that the infant tali are enlarged to show 
the trabecular struts and as such, tali images are not to scale.

Gorilla gorilla talus 
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Figure 4.23: Mean and one standard deviation plots for bone volume fraction in the calcaneal PAF VOI. 

Homo sapiens adult n = 5, Infant 2 = 5, Infant 1 = 1. Pan troglodytes adult n = 3, Infant 2 = 4, Infant 1 = 3. Gorilla gorilla 
adult n = 3, Infant 2 = 3, Infant 1 = 2. 
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Figure 4.24: Mean and one standard deviation plots for trabecular thickness in the calcaneal PAF VOI. 

 
* indicates significance (even after the Bonferroni correction; p < 0.005) between two age categories. In Homo sapiens, adults 
have significantly thicker trabeculae than the Infant 1 group. Homo sapiens adult n = 5, Infant 2 = 5, Infant 1 = 1. Pan 
troglodytes adult n = 3, Infant 2 = 4, Infant 1 = 3. Gorilla gorilla adult n = 3, Infant 2 = 3, Infant 1 = 2. 
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Figure 4.25: Mean and one standard deviation plots for elongation index in the calcaneal PAF VOI. 

* indicates significance (even after the Bonferroni correction; p < 0.005) between two age categories. In Pan troglodytes, 
trabeculae in adults are significantly more rod-like than in the Infant 2 group or the Infant 1 group. Homo sapiens adult n = 5, 
Infant 2 = 5, Infant 1 = 1. Pan troglodytes adult n = 3, Infant 2 = 4, Infant 1 = 3. Gorilla gorilla adult n = 3, Infant 2 = 3, Infant 
1 = 2. 
 

* 
* 
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Figure 4.26:     Calcaeal PAF ternary plots.  

Data points that fall near the top apex of the graph are isotropic and spherical. Points that 
fall in the lower half of the graph are anisotropic, with points in the lower left as planar 
discs and points in the lower right as unidirected rods. 
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Figure 4.27: Mean and one standard deviation plots for degree of anisotropy in the calcaneal PAF VOI. 

 
Homo sapiens adult n = 5, Infant 2 = 5, Infant 1 = 1. Pan troglodytes adult n = 3, Infant 2 = 4, Infant 1 = 3. Gorilla gorilla 
adult n = 3, Infant 2 = 3, Infant 1 = 2. 
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Figure 4.28: Stereoplots of primary eigenvectors for the calcaneal PAF VOI.   

Points that fall toward the left or right of a stereoplot have a mediolateral primary 
orientation while points located near the top or bottom of the stereoplot have a 
dorsoplantar primary orientation. The axis coming directly into/out of the stereoplot is the 
anteroposterior axis so points that fall in the center of the plot are primarily along this A-
P axis. 
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Figure 4.29: Homo sapiens rose diagrams for the calcaneus.  

Blue circles represent the volume of interest near the calcaneal PAF while yellow circles 
represent the VOI near the insertion for the calcaneal tendon in adult (top row), Infant 2 
(middle row), and Infant 1 (bottom row) humans. Rose diagrams on the left are for the 
calcaneal PAF VOI and rose diagrams on the right are for the calcaneal tendon VOI. 
Lateral views of calcaneal sagittal cross-sections and rose diagrams are oriented with 
anterior to the left, posterior to the right, dorsal to the top, and plantar to the bottom. Note 
that the infant calcanei are enlarged to show the trabecular struts and as such, calcanei 
images are not to scale. 
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Figure 4.30: Pan troglodytes rose diagrams for the calcaneus.  

Blue circles represent the volume of interest near the calcaneal PAF while yellow circles 
represent the VOI near the insertion for the calcaneal tendon in adult (top row), Infant 2 
(middle row), and Infant 1 (bottom row) chimpanzees. Rose diagrams on the left are for 
the calcaneal PAF VOI and rose diagrams on the right are for the calcaneal tendon VOI. 
Lateral views of calcaneal sagittal cross-sections and rose diagrams are oriented with 
anterior to the left, posterior to the right, dorsal to the top, and plantar to the bottom. Note 
that the infant calcanei are enlarged to show the trabecular struts and as such, calcanei 
images are not to scale. 
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Figure 4.31: Pan paniscus rose diagrams for the calcaneus.  

Blue circles represent the volume of interest near the calcaneal PAF while yellow circles 
represent the VOI near the insertion for the calcaneal tendon in adult (top row) and Infant 
2 (bottom row) bonobos. Rose diagrams on the left are for the calcaneal PAF VOI and 
rose diagrams on the right are for the calcaneal tendon VOI. Lateral views of calcaneal 
sagittal cross-sections and rose diagrams are oriented with anterior to the left, posterior to 
the right, dorsal to the top, and plantar to the bottom. Note that the infant calcaneus is 
enlarged to show the trabecular struts and as such, calcanei images are not to scale. 
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Figure 4.32: Gorilla gorilla rose diagrams for the calcaneus.  

Blue circles represent the volume of interest near the calcaneal PAF while yellow circles 
represent the VOI near the insertion for the calcaneal tendon in adult (top row), Infant 2 
(middle row), and Infant 1 (bottom row) gorillas. Rose diagrams on the left are for the 
calcaneal PAF VOI and rose diagrams on the right are for the calcaneal tendon VOI. 
Lateral views of calcaneal sagittal cross-sections and rose diagrams are oriented with 
anterior to the left, posterior to the right, dorsal to the top, and plantar to the bottom. Note 
that the infant calcanei are enlarged to show the trabecular struts and as such, calcanei 
images are not to scale.
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Figure 4.33: Mean and one standard deviation plots for bone volume fraction in the calcaneal tendon VOI. 

* indicates significance (even after the Bonferroni correction; p < 0.005) between two age categories. In Pan troglodytes, 
trabeculae in adults are significantly more densely packed than in the Infant 2 group. Homo sapiens adult n = 5, Infant 2 = 5, 
Infant 1 = 1. Pan troglodytes adult n = 3, Infant 2 = 4, Infant 1 = 3. Gorilla gorilla adult n = 3, Infant 2 = 3, Infant 1 = 2. 
 
  

* 
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Figure 4.34: Mean and one standard deviation plots for trabecular thickness in the calcaneal tendon VOI. 

 
* indicates significance (even after the Bonferroni correction; p < 0.005) between two age categories. In Pan troglodytes, 
adults have significantly thicker trabeculae than the Infant 1 group. Homo sapiens adult n = 5, Infant 2 = 5, Infant 1 = 1. Pan 
troglodytes adult n = 3, Infant 2 = 4, Infant 1 = 3. Gorilla gorilla adult n = 3, Infant 2 = 3, Infant 1 = 2. 
 
 
 

* 
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Figure 4.35: Mean and one standard deviation plots for elongation index in the calcaneal tendon VOI. 

Homo sapiens adult n = 5, Infant 2 = 5, Infant 1 = 1. Pan troglodytes adult n = 3, Infant 2 = 4, Infant 1 = 3. Gorilla gorilla 
adult n = 3, Infant 2 = 3, Infant 1 = 2. 
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Figure 4.36: Calcaneal tendon VOI ternary plots. 

Data points that fall near the top apex of the graph are isotropic and spherical. Points that 
fall in the lower half of the graph are anisotropic, with points in the lower left as planar 
discs and points in the lower right as unidirected rods. 
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Figure 4.37: Mean and one standard deviation plots for degree of anisotropy in the calcaneal tendon VOI. 

* indicates significance (even after the Bonferroni correction; p < 0.005) between two age categories. In Pan troglodytes, 
trabeuclae in the Infant 2 group are significantly more anisotropic than in adults. Homo sapiens adult n = 5, Infant 2 = 5, Infant 
1 = 1. Pan troglodytes adult n = 3, Infant 2 = 4, Infant 1 = 3. Gorilla gorilla adult n = 3, Infant 2 = 3, Infant 1 = 2. 

* 
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Figure 4.38: Stereoplots of primary eigenvectors for the calcaneal tendon VOI.   

Points that fall toward the left or right of a stereoplot have a mediolateral primary 
orientation while points located near the top or bottom of the stereoplot have a 
dorsoplantar primary orientation. The axis coming directly into/out of the stereoplot is the 
anteroposterior axis so points that fall in the center of the plot are primarily along this A-
P axis. 
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Figure 4.39: Mean and one standard deviation plots for bone volume fraction in the MT 1 
head VOIs. 

 
* indicates significance (even after the Bonferroni correction; p < 0.005) between two age 
categories. In the Pan troglodytes plantar VOI, adults have significantly more densely 
packed trabeculae than the Infant 2 group. Homo sapiens adult n = 10, Infant 2 = 5, Infant 
1 = 4. Pan troglodytes adult n = 10, Infant 2 = 3, Infant 1 = 3. Gorilla gorilla adult n = 8, 
Infant 2 = 3, Infant 1 = 3. 
 
  

* 
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Figure 4.40: Mean and one standard deviation plots for trabecular thickness in the MT 1 
head VOIs.  

Homo sapiens adult n = 10, Infant 2 = 5, Infant 1 = 4. Pan troglodytes adult n = 10, Infant 
2 = 3, Infant 1 = 3. Gorilla gorilla adult n = 8, Infant 2 = 3, Infant 1 = 3. 
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Figure 4.41: Mean and one standard deviation plots for elongation index in the MT 1 
head VOI. 

* indicates significance (even after the Bonferroni correction, p < 0.005) between two age 
categories. In the Homo sapiens Infant 2 group, trabeculae are significantly more rod-like 
than in the Infant 1 group. Homo sapiens adult n = 10, Infant 2 = 5, Infant 1 = 4. Pan 
troglodytes adult n = 10, Infant 2 = 3, Infant 1 = 3. Gorilla gorilla adult n = 8, Infant 2 = 
3, Infant 1 = 3. 
 
 

* 
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Figure 4.42: First metatarsal head dorsal VOI ternary plot. 

Data points that fall near the top apex of the graph are isotropic and spherical. Points that 
fall in the lower half of the graph are anisotropic, with points in the lower left as planar 
discs and points in the lower right as unidirected rods. 
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Figure 4.43: First metatarsal head central VOI ternary plot. 

Data points that fall near the top apex of the graph are isotropic and spherical. Points that 
fall in the lower half of the graph are anisotropic, with points in the lower left as planar 
discs and points in the lower right as unidirected rods. 
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Figure 4.44: First metatarsal head plantar VOI ternary plot. 

Data points that fall near the top apex of the graph are isotropic and spherical. Points that 
fall in the lower half of the graph are anisotropic, with points in the lower left as planar 
discs and points in the lower right as unidirected rods. 
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Figure 4.45: Mean and one standard deviation plots for degree of anisotropy in the MT 1 
head VOIs. 

Homo sapiens adult n = 10, Infant 2 = 5, Infant 1 = 4. Pan troglodytes adult n = 10, Infant 
2 = 3, Infant 1 = 3. Gorilla gorilla adult n = 8, Infant 2 = 3, Infant 1 = 3. 
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Figure 4.46: Stereoplots of primary eigenvectors for the MT 1 dorsal VOI.   

Points that fall toward the left or right of a stereoplot have a mediolateral primary 
orientation while points located near the top or bottom of the stereoplot have a 
dorsoplantar primary orientation. The axis coming directly into/out of the stereoplot is the 
anteroposterior axis so points that fall in the center of the plot are primarily along this A-
P axis.
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Figure 4.47: Stereoplots of primary eigenvectors for the MT 1 central VOI.   

Points that fall toward the left or right of a stereoplot have a mediolateral primary 
orientation while points located near the top or bottom of the stereoplot have a 
dorsoplantar primary orientation. The axis coming directly into/out of the stereoplot is the 
anteroposterior axis so points that fall in the center of the plot are primarily along this A-
P axis. 
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Figure 4.48: Stereoplots of primary eigenvectors for the MT 1 plantar VOI.   

Points that fall toward the left or right of a stereoplot have a mediolateral primary 
orientation while points located near the top or bottom of the stereoplot have a 
dorsoplantar primary orientation. The axis coming directly into/out of the stereoplot is the 
anteroposterior axis so points that fall in the center of the plot are primarily along this A-
P axis. 
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Figure 4.49: Homo sapiens rose diagrams for the first metatarsal head.  

Blue circles represent the dorsal volume of interest, while yellow circles represent the central VOI, and yellow circles represent 
the plantar VOI in Infant 2 (top row) and Infant 1(bottom row) humans. Rose diagrams on the left are for the dorsal VOI, rose 
diagrams in the middle are for the central VOI, and rose diagrams on the right are for the planar VOI. Lateral views of MT 1 
cross-sections and rose diagrams are oriented with anterior to the left, posterior to the right, dorsal to the top, and plantar to the 
bottom. Note that the infant metatarsals are enlarged to show the trabecular struts and as such, metatarsal images are not to 
scale. 
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Figure 4.50: Pan troglodytes rose diagrams for the first metatarsal head.  

Blue circles represent the dorsal volume of interest, while yellow circles represent the central VOI, and yellow circles represent 
the plantar VOI in Infant 2 (top row) and Infant 1(bottom row) chimpanzees. Rose diagrams on the left are for the dorsal VOI, 
rose diagrams in the middle are for the central VOI, and rose diagrams on the right are for the planar VOI. Lateral views of MT 
1 cross-sections and rose diagrams are oriented with anterior to the left, posterior to the right, dorsal to the top, and plantar to 
the bottom. Note that the infant metatarsals are enlarged to show the trabecular struts and as such, metatarsal images are not to 
scale. 
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Figure 4.51: Pan paniscus rose diagrams for the first metatarsal head.  

Blue circles represent the dorsal volume of interest, while yellow circles represent the central VOI, and yellow circles represent 
the plantar VOI in Infant 2 (top row) and Infant 1(bottom row) bonobos. Rose diagrams on the left are for the dorsal VOI, rose 
diagrams in the middle are for the central VOI, and rose diagrams on the right are for the planar VOI. Lateral views of MT 1 
cross-sections and rose diagrams are oriented with anterior to the left, posterior to the right, dorsal to the top, and plantar to the 
bottom. Note that the infant metatarsals are enlarged to show the trabecular struts and as such, metatarsal images are not to 
scale. 
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Figure 4.52: Gorilla gorilla rose diagrams for the first metatarsal head.  

Blue circles represent the dorsal volume of interest, while yellow circles represent the central VOI, and yellow circles represent 
the plantar VOI in Infant 2 (top row) and Infant 1(bottom row) gorillas. Rose diagrams on the left are for the dorsal VOI, rose 
diagrams in the middle are for the central VOI, and rose diagrams on the right are for the planar VOI. Lateral views of MT 1 
cross-sections and rose diagrams are oriented with anterior to the left, posterior to the right, dorsal to the top, and plantar to the 
bottom. Note that the infant metatarsals are enlarged to show the trabecular struts and as such, metatarsal images are not to 
scale. 
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Figure 4.53: Mean and one standard deviation plots for the human hallucal distal phalanx VOI. 

Homo sapiens adult n = 5, Infant 2 = 3, Infant 1 = 1.
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Figure 4.54: Human hallucal distal phalanx VOI ternary plot. 

Data points that fall near the top apex of the graph are isotropic and spherical. Points that 
fall in the lower half of the graph are anisotropic, with points in the lower left as planar 
discs and points in the lower right as unidirected rods. 
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Figure 4.55: Stereoplots of primary eigenvectors for the human hallucal distal phalanx 
VOI.   

Points that fall toward the left or right of a stereoplot have a mediolateral primary 
orientation while points located near the top or bottom of the stereoplot have a 
dorsoplantar primary orientation. The axis coming directly into/out of the stereoplot is the 
anteroposterior axis so points that fall in the center of the plot are primarily along this A-
P axis. 
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Figure 4.56: Homo sapiens rose diagrams for the hallucal distal phalanx.  

 
Blue circles represent the volume of interest in the head of the hallucal distal phalanx in 
adult (top row), Infant 2 (middle row), and Infant 1 (bottom row) gorillas. Lateral views 
of hallucal distal phalangeal sagittal cross-sections and rose diagrams are oriented with 
anterior to the left, posterior to the right, dorsal to the top, and plantar to the bottom. Note 
that the infant hallucal distal phalanges are enlarged to show the trabecular struts and as 
such, hallucal distal phalangeal images are not to scale
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Figure 4.57: Results of a canonical correlations analysis for the talar PAF VOI.  

NHS = non heel-strike. IHS = immature heel-strike. 
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Figure 4.58:  Results of a canonical correlations analysis for the calcaneal PAF VOI.  

 
NHS = non heel-strike. IHS = immature heel-strike. 
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Figure 4.59: Results of a canonical correlations analysis for the calcaneal tendon VOI.  

 
NHS = non heel-strike. IHS = immature heel-strike. 
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Figure 4.60: Results of a canonical correlations analysis for the calcaneal tendon VOI.  

 
NHS = non heel-strike. IHS = immature heel-strike. 
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Table 4.1: Human foot bone sample.  

X = bone is present. PSU = Pennsylvania State University. Sex is unknown for Infant 2 and Infant 1 individuals. 

Museum Genus species 
age category 

age number site sex side talus calcaneus MT 1 HDP 

PSU Homo sapiens Adult 30-35 yr 223 821236 Female Left 
 

x 
 

x 

PSU Homo sapiens Adult 25-35 yr 229 821282 Female Left x x 
 

x 

PSU Homo sapiens Adult 18-21 yr 69 820658 Female Left x x 
 

x 

PSU Homo sapiens Adult 18-21 yr 174 821110 Female Left x x 
 

x 

PSU Homo sapiens Adult 18-21 yr 37 819957 Female Left 
 

x 
 

x ( Right) 

PSU Homo sapiens Infant 2 3-4 yr 183 
  

Left x x x x (Right ) 

PSU Homo sapiens Infant 2 3-4 yr 130 821039 
 

Left 
 

x x x (Right ) 

PSU Homo sapiens Infant 2 2-3 yr 153 821073 
 

Let x x x (Right ) x 

PSU Homo sapiens Infant 2 2-4 yr 232 821286 
 

Left x 
   

PSU Homo sapiens Infant 2 2-3 yr 128 821033 
 

Left x x x x 

PSU Homo sapiens Infant 2 2-3 yr 177 821113 
 

Left x x x 
 

PSU Homo sapiens Infant 2 2-3 yr 151 821069 
 

Left 
   

x 

PSU Homo sapiens Infant 1  1-2 yr 117 821014 
 

Left x x x x (Right ) 

PSU Homo sapiens Infant 1  1-2 yr 162 
  

Left x 
 

x 
 

PSU Homo sapiens Infant 1  1-2 yr 221 821234 
 

Left x (Right ) 
 

x  
 

PSU Homo sapiens Infant 1  1-2 yr 131 821041 
 

Left 
  

x 
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Table 4.2: African ape foot bone sample.  X = bone is present. AMNH = American Museum of Natural History.  

NMNH = National Museum of Natural History. Sex is unknown for some infant gorillas. 

Museum Genus species subspecies 
age 
category age number site sex side talus calc MT1 HDP 

AMNH Pan troglodytes verus Adult 
 

89355 Ivory Coast Male Left x x 
  

AMNH Pan troglodytes verus Adut 
 

89426 Liberia Female Left x x 
  

NMNH Pan troglodytes Adult 
 

176229 Cameroon Female Left x x 
  

AMNH Pan troglodytes schweeinfurthii Infant 2 3.5-5 51391 Zaire Male Left x x x 
 

AMNH Pan troglodytes schweeinfurthii Infant 2 3.5-4 51201 Zaire Female Left  x x x 
 

AMNH Pan troglodytes schweeinfurthii Infant 2 3.5-4 51390 Zaire Female Left x x x 
 

AMNH Pan troglodytes schweeinfurthii Infant 2 3.5-4 51389 Zaire Male Left x x x 
 

AMNH Pan  troglodytes verus Infant 1 1.5-2.5 89356 Ivory Coast Female Left x x x 
 

AMNH Pan  troglodytes schweeinfurthii Infant 1 1.5-2 51387 Zaire Female Right x x x 
 

AMNH Pan  troglodytes schweeinfurthii Infant 1 1.5-2  51405 Zaire Male Left  x x x 
 

AMNH Pan  paniscus Adult   86857 Zaire Female Left x x     

AMNH Pan  paniscus Infant 2 3.5-4 54336 Zaire Male Right x x x 
 

AMNH Pan  paniscus Infant 1 1.5-2 86855 Zaire Male Left x 
 

x 
 

AMNH Gorilla gorilla beringei Adult   54091 Zaire Female Right x x   
 

AMNH Gorilla gorilla gorilla Adult 
 

81652 Central African Republic Female Right x x 
  

NMNH Gorilla gorilla beringei Adult 
 

545046 Rwanda Female Left x x 
  

AMNH Gorilla gorilla 
 

Infant 2 3-3.5 147176 captive Male Right x x x 
 

AMNH Gorilla gorilla 
 

Infant 2 3.5-4 35400 NY Zoo Female Left x x x 
 

AMNH Gorilla gorilla 
 

Infant 2 3.5-4 22832 NY Zoo Female Left x x x 
 

AMNH Gorilla gorilla 
 

Infant 2 3.5-4 150285 captive 
 

Left x x x 
 

AMNH Gorilla  gorilla gorilla Infant 1 1.5-2 114217 Cameroon 
 

Left x x x 
 

AMNH Gorilla gorilla 
 

Infant 1 1-1.5 173649 captive 
 

Left x x x 
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Table 4.3: Sizes of the volumes of interest.  

 

 

 

 
 

  

 
 
 

  
Calcaneus Talus MT I HDP 

Taxon age category mean range SD mean range SD mean range SD mean range SD 

Homo sapiens Adult 9.7 9.0-10.6 0.84 9.1 8.5-9.6 0.54 - - - 2.7 2.1-3.5 0.54 

 
Infant 2 4.8 3.6-5.8 0.85 2.9 2.3-3.2 0.49 4.1 3.5-5.3 0.85 1.4 1.1-1.7 0.24 

 
Infant 1 3.5* - - 1.7 1.5-1.9 0.24 2.7 2.2-3.8 0.73 0.9* - - 

Pan troglodytes Adult 7.5 6.8-7.9 0.74 7.5 7.0-8.0 0.51 - - - 
   

 
Infant 2 4.5 3.9-5.2 0.55 3.7 3.1-4.3 0.57 2.9 2.5-3.4 0.35 

     Infant 1 3.8 3.4-3.9 0.42 3.2 2.7-3.6 0.64 2.4 2.3-2.6 0.14 
   Pan paniscus  Adult 6.6* - - 5.9* - - - - - 
   

 
Infant 2 4.7* - - 3.6* - - 3.3* - - 

   

 
Infant 1 - - - 2.5* - - 2.3 - - 

   
Gorilla gorilla Adult 9.4 8.4-10.4 0.92 9.0 7.5-9.8 1.25 - - - 

   

 
Infant 2 6.3 6.0-6.9 0.41 5.3 3.1-8.8 2.44 3.4 3.0-3.9 0.35 

   

 
Infant 1 4.5 3.7-5.6 0.83 2.1 1.9-2.34 0.35 2.6 2.1-3.1 0.47 
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Table 4.4: Summary of results for the talar PAF VOI.  

Means are presented with standard deviations in parentheses when appropriate.   

   
Talar  PAF VOI 

Age category Taxon N DA  BV/TV  I  E  Tb.Th 

Adult Homo sapiens 3 7.72 (2.79)  0.46 (0.17)  0.14 (0.07)  0.79 (0.07)  0.28 (0.06) 

 Pan troglodytes 3 4.78 (0.36)  0.44 (0.04)  0.21 (0.02)  0.67 (0.04)  0.22 (0.02) 

 Pan paniscus 1 2.67   0.51   0.37   0.60   0.25  

 Gorilla gorilla  3 3.85 (0.56)  0.38 (0.05)  0.27 (0.04)  0.66 (0.05)  0.23 (0.02) 

                 
Infant 2 Homo sapiens 4 5.68 (2.14)  0.28 (0.07)  0.21  (0.12)  0.63 (0.17)  0.13 (0.01) 

 Pan troglodytes 4 3.79 (0.63)  0.32 (0.04)  0.27 (0.05)  0.62 (0.05)  0.16 (0.01) 

 Pan paniscus 1 3.14   0.27   0.32   0.44   0.13  

 Gorilla gorilla  4 3.38 (1.90)  0.29 (0.05)  0.40 (0.25)  0.46 (0.23)  0.16 (0.02) 

                 
Infant 1 Homo sapiens 3 3.70 (2.53)  0.24 (0.10)  0.35 (0.17)  0.37 (0.06)  0.10 (0.02) 

 Pan troglodytes 3               

 Pan paniscus 1 2.18   0.29   0.46   0.44   0.17  

 
Gorilla gorilla 2 3.92 

  
0.24 

  
0.29 

  
0.46 

  
0.13 
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Table 4.5: Results of unpaired t-tests between age categories within a taxon.  

* indicates significance before (p < 0.05) but not after the Bonferroni correction. Bold values are significant (p < 0.005) even 
after the correction. 
  

   
Talar PAF VOI 

Taxon 
Age comparison 

  DA BV/TV I E Tb.Th 

H. sapiens 
Adult vs. Infant 2 

 
NS NS NS NS 0.0081* 

 

Adults vs Infant 1 

 
NS NS NS 0.0014 0.0033 

 

Infant 2 vs Infant 1 

 
NS NS NS NS NS 

 

 

      
P. troglodytes 

Adult vs. Infant 2 

 
NS 0.0072* NS NS 0.000690 

 

Adult vs. Infant 1 

 
NS NS NS 0.039013* 0.016277* 

 

Infant 2 vs. Infant 1 

 
NS NS NS NS NS 

 

 

      
G. gorilla 

Adult vs. Infant 2 

 
NS NS NS NS 0.004215 
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Table 4.6: Results of unpaired t-tests between taxa within an age category.  

* indicates significance before but not after the Bonferroni correction. Bold values are significant (p < 0.005) even after the 
correction. 
  

   
Talar PAF VOI 

Age category Taxon comparison   DA BV/TV I E Tb.Th 

Adult 
Homo sapiens vs. Pan troglodytes 

NS NS NS NS 0.003316 

 

Homo sapiens vs. Gorilla gorilla 

 
NS NS NS 0.001363 0.008108* 

 

Pan troglodytes vs. Gorilla gorilla 

 
NS NS NS NS NS 

        
Infant 2 

Homo sapiens vs. Pan troglodytes 
NS NS NS NS 0.001440 

 

Homo sapiens vs. Gorilla gorilla 

 
NS NS NS NS 0.011709* 

 

Pan troglodytes vs. Gorilla gorilla 

 
NS NS NS NS NS 

        
Infant 1 

Homo sapiens vs. Pan troglodytes 
NS NS NS NS NS 
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Table 4.7: Summary of results for the calcaneal PAF VOI.  

Means are presented with standard deviations in parentheses when appropriate. 
  

   
Calcaneal PAF VOI 

Age category Taxon N DA  BV/TV  I  E  Tb.Th 

Adult Homo sapiens 5 12.2 (5.04)  0.38 (0.10)  0.22  (0.28)  0.54 (0.29)  0.35 (0.16) 

 Pan troglodytes 3 4.07 (1.33)  0.43 (0.08)  0.27 (0.10)  0.57 (0.04)  0.28 (0.04) 

 Pan paniscus 1 2.06   0.63   0.49   0.32   0.40  

 Gorilla gorilla  3 3.09 (0.80)  0.46 (0.06)  0.33 (0.09)  0.45 (0.15)  0.29 (0.05) 

                 
Infant 2 Homo sapiens 5 8.53 (2.74)  0.30 (0.05)  0.13 (0.04)  0.59 (0.08)  0.14 (0.03) 

 Pan troglodytes 4 6.85 (3.38)  0.34 (0.04)  0.17 (0.07)  0.41 (0.05)  0.28 (0.11) 

 Pan paniscus 1 3.56   0.41   0.28   0.35   0.17  

 Gorilla gorilla  3 5.56 (1.56)  0.38 (0.04)  0.19 (0.06)  0.60 (0.17)  0.23 (0.07) 

                 
Infant 1 Homo sapiens 1 2.45   0.55   0.41   0.30   0.13  

 Pan troglodytes 3 7.17 (5.81)  0.33 (0.06)  0.20 (0.11)  0.28 (0.09)  0.20 (0.02) 

 Gorilla gorilla  2 8.44   0.31   0.16   0.60   0.17  
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Table 4.8: Results of unpaired t-tests between age categories within a taxon.  

* indicates significance before (p < 0.05) but not after the Bonferroni correction. Bold values are significant (p < 0.005) even 
after the correction. 
 

  

   
Calcaneal PAF VOI 

Taxon 
Age comparison 

  DA BV/TV I E Tb.Th 

H. sapiens 
Adult vs. Infant 2 

 
NS NS NS NS 0.02 

 

 

      
P. troglodytes 

Adult vs. Infant 2 

 
NS NS NS 0.00575* NS 

 

Adult vs. Infant 1 

 
NS NS NS 0.00781* 0.03287* 

 

Infant 2 vs. Infant 1 

 
NS NS NS NS NS 

 

 

      
G. gorilla 

Adult vs. Infant 2 

 
NS NS NS NS NS 
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Table 4.9: Results of unpaired t-tests between taxa within an age category.  

* indicates significance before but not after the Bonferroni correction. Bold values are significant (p < 0.005) even after the 
correction. 
 

  

   
Calcaneal PAF VOI 

Age category Taxon comparison   DA BV/TV I E Tb.Th 

Adult 
Homo sapiens vs. Pan troglodytes 

0.037512* NS 0.010296* NS NS 

 

Homo sapiens vs. Gorilla gorilla 

 
0.023555* NS 0.001071 NS NS 

 

Pan troglodytes vs. Gorilla gorilla 

 
NS NS NS NS NS 

        
Infant 2 

Homo sapiens vs. Pan troglodytes 
NS NS NS 0.006200* 0.028702* 

 

Homo sapiens vs. Gorilla gorilla 

 
NS NS NS NS 0.031844* 

 

Pan troglodytes vs. Gorilla gorilla 

 
NS NS NS NS NS 
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Table 4.10: Summary of results for the calcaneal tendon VOI.  

Means are presented with standard deviations in parentheses when appropriate. 
  

 
  

 
Calcaneal tendon VOI 

Age category Taxon N DA  BV/TV  I  E  Tb.Th 

Adult Homo sapiens 5 2.73  (0.82)  0.36 (0.09)  0.40 (0.12)  0.39 (0.23)  0.19  (0.04) 

 Pan troglodytes 3 3.02 (0.60  0.43 (0.03)  0.34 (0.07)  0.39 (0.23)  0.21 (0.02) 

 Pan paniscus 1 3.70   0.45   0.27   0.47   0.22  

 Gorilla gorilla  3 5.34 (4.29)  0.32 (0.04)  0.29 (0.21)  0.54 (0.14)  0.19 (0.03) 

                 
Infant 2 Homo sapiens 5 3.56 (1.74)  0.36 (0.16)  0.35 (0.17)  0.57  (0.29)  0.14 (0.05) 

 Pan troglodytes 4 5.95 (1.26)  0.28 (0.04)  0.18 (0.04)  0.67 (0.11)  0.20 (0.07) 

 Pan paniscus 1 7.62   0.32   0.13   0.78   0.15  

 Gorilla gorilla  4 4.91 (1.27)  0.30 (0.10)  0.21 (0.06)  0.70 (0.13)  0.17 (0.07) 

                 
Infant 1 Homo sapiens 1 1.26   0.61   0.79   0.13   0.15  

 Pan troglodytes 3 5.16 (1.63)  0.26 (0.09)  0.21 (0.06)  0.70 (0.07)  0.15 (0.03) 

 Gorilla gorilla  2 5.36   0.21   0.19   0.69   0.13  
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Table 4.11: Results of unpaired t-tests between age categories within a taxon.  

* indicates significance before (p < 0.05) but not after the Bonferroni correction. Bold values are significant (p < 0.005) even 
after the correction. 
 

  

   
Calcaneal tendon VOI 

Taxon 
Age comparison 

  DA BV/TV I E Tb.Th 

H. sapiens 
Adult vs. Infant 2 

 
NS NS NS NS NS 

 

 

      
P. troglodytes 

Adult vs. Infant 2 

 
0.01468* 0.00260* 0.01194* NS NS 

 

Adult vs. Infant 1 

 
NS 0.02938* NS NS 0.04344* 

 

Infant 2 vs. Infant 1 

 
NS NS NS NS NS 

 

 

      
G. gorilla 

Adult vs. Infant 2 

 
NS NS NS NS NS 
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Table 4.12: Results of unpaired t-tests between taxa within an age category.  

* indicates significance before but not after the Bonferroni correction. Bold values are significant (p < 0.005) even after the 
correction. 
 
  

   
Calcaneal tendon VOI 

Age category Taxon comparison   DA BV/TV I E Tb.Th 

Adult 
Homo sapiens vs. Pan troglodytes 

NS NS NS NS NS 

 

Homo sapiens vs. Gorilla gorilla 

 
NS NS NS NS NS 

 

Pan troglodytes vs. Gorilla gorilla 

 
NS 0.01611* NS NS NS 

        
Infant 2 

Homo sapiens vs. Pan troglodytes 
NS NS NS NS NS 

 

Homo sapiens vs. Gorilla gorilla 

 
NS NS NS NS NS 

 

Pan troglodytes vs. Gorilla gorilla 

 
NS NS NS NS NS 
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Table 4.13: Summary of results for the MT 1 head dorsal VOI.  

Means are presented with standard deviations in parentheses when appropriate. **When available, adult means and standard 
deviations were taken from Griffin (2009).  

 
 

MT 1 dorsal VOI 
   Age category Taxon N DA  BV/TV  I  E 
 

Tb.Th 
Adult** Homo sapiens 10 7.6 (2.8) 

 
0.36 (0.04) 

 
- - 

 
0.43 (0.08) 

 
- - 

 Pan troglodytes 10 2.2 (0.80)  0.46 (0.04)  - -  0.34 (0.15) 
 

- - 

 Pan paniscus 9 2.3 (0.40)  0.38 (0.05)  - -  0.29 (0.12) 
 

- - 

 Gorilla gorilla  8 2.9 (1.0)  0.42 (0.05)  - -  0.38 (0.13) 
 

- - 

              
   Infant 2 Homo sapiens 5 7.2 (2.71)  0.28 (0.04)  0.15 (0.06)  0.51 (0.17) 
 

0.16 (0.03) 

 Pan troglodytes 4 2.23 (0.24)  0.34 (0.03)  0.44 (0.06)  0.23 (0.19) 
 

0.22 (0.07) 

 Pan paniscus 1 2.07   0.35   0.48   0.25  
 

0.16 
 

 Gorilla gorilla  4 3.10 (0.79)  0.29 (0.11)  0.35 (0.11)  0.39 (0.19) 
 

0.17 (0.03) 

              
   Infant 1 Homo sapiens 4 3.53 (0.85)  0.30 (0.03)  0.30 (0.07)  0.24 (0.14) 
 

0.12 (0.03) 

 Pan troglodytes 3 3.20 (1.17)  0.34 (0.04)  0.34 (0.12)  0.31 (0.23) 
 

0.18 (0.03) 

 Pan paniscus 1 2.18   0.32   0.46   0.20  
 

0.15 
 

 
Gorilla gorilla 3 3.33 (1.38) 

 
0.25 (0.01) 

 
0.35 (0.19) 

 
0.43 (0.25) 

 
0.14 (0.01) 
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Table 4.14: Summary of results for the MT 1 head central VOI.  

Means are presented with standard deviations in parentheses when appropriate. **When available, adult means and standard 
deviations were taken from Griffin (2009).  

  
MT 1 central VOI 

   Age category Taxon N DA  BV/TV  I  E 
 

Tb.Th 
Adult** Homo sapiens 10 5.6 (2.1) 

 
0.36 (0.05) 

 
- - 

 
0.24 (0.13) 

 
- - 

 Pan troglodytes 10 2.1 (0.65) 
 

0.46 (0.03) 
 

- -  0.30 (0.13) 
 

- - 

 Pan paniscus 9 2.6 (0.3) 
 

0.41 (0.04) 
 

- -  0.40 (0.12) 
 

- - 

 Gorilla gorilla  8 2.6 (0.8) 
 

0.46 (0.07) 
 

- -  0.32 (0.10) 
 

- - 

  
               Infant 2 Homo sapiens 5 2.65 (0.31) 

 
0.25 (0.03) 

 
0.36 (0.07) 

 
0.23 (0.07) 

 
0.15 (0.04) 

 Pan troglodytes 4 3.45 (0.28) 
 

0.38 (0.02) 
 

0.27 (0.01) 
 

0.42 (0.08) 
 

0.21 (0.05) 

 Pan paniscus 1 3.42 
  

0.39 
  

0.29 
  

0.21 
  

0.15 
 

 Gorilla gorilla  4 2.95 (0.05) 
 

0.36 (0.06) 
 

0.35 (0.06) 
 

0.28 (0.21) 
 

0.17 (0.04) 

   
              Infant 1 Homo sapiens 4 2.40 (0.60) 

 
0.23 (0.09) 

 
0.44 (0.11) 

 
0.26 (0.23) 

 
0.11 (0.03) 

 Pan troglodytes 3 4.56 (2.09) 
 

0.35 (0.09) 
 

0.26 (0.12) 
 

0.31 (0.23) 
 

0.19 (0.06) 

 Pan paniscus 1 3.00 
  

0.36 
  

0.34 
  

0.38 
  

0.15 
 

 
Gorilla gorilla 3 2.75 (0.70) 

 
0.26 (0.10) 

 
0.38 (0.10) 

 
0.37 (0.08) 

 
0.14 (0.01) 
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Table  4.15: Summary of results for the MT 1 head plantar VOI. Means are presented with standard deviations in parentheses 
when appropriate.  

Asterisks indicate that all adult data are from Griffin et al. (2010).  
 
 

 

  
MT 1 plantar VOI 

   Age category Taxon N DA  BV/TV  I  E 
 

Tb.Th 
Adult** Homo sapiens 10 4.8 (2.00) 

 
0.28 (0.04) 

 
- -  0.55 (0.08) 

 
- - 

 Pan troglodytes 10 2.5 (0.56) 
 

0.41 (0.03) 
 

- -  0.34 (0.17) 
 

- - 

 Pan paniscus 9 2.9 (0.70) 
 

0.33 (0.02) 
 

- -  0.36 (0.10) 
 

- - 

 Gorilla gorilla  8 2.3 (0.30) 
 

0.35 (0.09) 
 

- - 
 

0.40 (0.13) 
 

- - 

   
              Infant 2 Homo sapiens 5 3.24 (1.04) 

 
0.21 (0.05) 

 
0.34 (0.13) 

 
0.43 (0.22) 

 
0.15 (0.03) 

 Pan troglodytes 3 2.38 (0.34) 
 

0.31 (0.03) 
 

0.43 (0.08) 
 

0.39 (0.09) 
 

0.22 (0.05) 

 Pan paniscus 1 3.4 
  

0.34 
  

0.29 
  

0.42 
  

0.15 
 

 Gorilla gorilla  3 2.14 (0.30) 
 

0.35 (0.10) 
 

0.48 (0.07) 
 

0.31 (0.10) 
 

0.18 (0.04) 

                 Infant 1 Homo sapiens 4 2.02 (0.41) 
 

0.24 (0.05) 
 

0.52 (0.13) 
 

0.32 (0.09) 
 

0.11 (0.01) 

 Pan troglodytes 3 2.00 (0.66) 
 

0.34 (0.12) 
 

0.54 (0.19) 
 

0.20 (0.18) 
 

0.16 (0.03) 

 Pan paniscus 1 2.43 
  

0.34 
  

0.41 
  

0.55 
  

0.15 
 

 Gorilla gorilla  3 5.73 (2.05) 
 

0.30 (0.04) 
 

0.19 (0.07) 
 

0.47 (0.08) 
 

0.14 (0.01) 
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Table 4.16: Results of unpaired t-tests between age categories within a taxon.  

   
MT 1 

VOI Taxon 
Age comparison 

DA BV/TV I E Tb.Th 

Dorsal H. sapiens 
Adult vs. Infant 2 

NS 0.047177* - NS - 

  

Adults vs Infant 1 
0.036903* NS - NS - 

  

Infant 2 vs Infant 1 
0.041607* NS 0.017320* 0.047870* NS 

  

 

     

 
P. troglodytes 

Adult vs. Infant 2 
NS 0.005771* - NS - 

  

Adult vs. Infant 1 
NS 0.019165* - NS - 

  

Infant 2 vs. Infant 1 
NS NS NS NS NS 

  

 

     

 
G. gorilla 

Adult vs. Infant 2 
NS 0.048726* - NS - 

  

Adult vs. Infant 1 
NS 0.002928* - NS - 

  

Infant 2 vs. Infant 1 
NS NS NS NS NS 

        
Central H. sapiens 

Adult vs. Infant 2 
0.017305* 0.010785* - NS - 

  

Adults vs Infant 1 
0.030980* NS - NS - 

  

Infant 2 vs Infant 1 
NS NS NS NS NS 

  

 

     

 
P. troglodytes 

Adult vs. Infant 2 
0.012814* 0.00732* - NS - 

  

Adult vs. Infant 1 
NS NS - NS - 

  

Infant 2 vs. Infant 1 
NS NS NS NS NS 

  

 

     

 
G. gorilla 

Adult vs. Infant 2 
NS NS - NS - 

  

Adults vs Infant 1 
NS 0.043809* - NS - 

  

Infant 2 vs Infant 1 
NS NS NS NS NS 

        
Plantar H. sapiens 

Adult vs. Infant 2 
0.047357* 0.005112* - NS - 

  

Adults vs Infant 1 
0.038251* 0.022762* - 0.017272* - 

  

Infant 2 vs Infant 1 
0.033068* NS NS NS NS 

  

 

     

 
P. troglodytes 

Adult vs. Infant 2 
NS 0.004388* - NS - 

  

Adult vs. Infant 1 
NS NS - NS - 

  

Infant 2 vs. Infant 1 
NS NS NS NS NS 

  

 

     

 
G. gorilla 

Adult vs. Infant 2 
NS NS - NS - 

  

Adults vs Infant 1 
0.045652* NS - NS - 

  

Infant 2 vs Infant 1 
0.016041* NS 0.002768* NS NS 
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Table 4.17: Results of unpaired t-tests between taxa within an age category.  

 

   
MT 1 

VOI Age category Taxon comparison DA BV/TV I E Tb.Th 

Dorsal Infant 2 Homo sapiens vs. Pan troglodytes 0.010695* NS 0.004828 NS NS 

  

Homo sapiens vs. Gorilla gorilla 0.027429* NS 0.021754* NS NS 

  

Pan troglodytes vs. Gorilla gorilla NS NS NS NS NS 

        

 
Infant 1 Homo sapiens vs. Pan troglodytes NS NS NS NS 0.036383* 

  

Homo sapiens vs. Gorilla gorilla NS NS NS NS NS 

  

Pan troglodytes vs. Gorilla gorilla NS 0.011875* NS NS NS 

        Central Infant 2 Homo sapiens vs. Pan troglodytes 0.005627* 0.000368 NS 0.006827* NS 

  

Homo sapiens vs. Gorilla gorilla NS 0.016661* NS NS NS 

  

Pan troglodytes vs. Gorilla gorilla NS NS NS NS NS 

        

 
Infant 1 Homo sapiens vs. Pan troglodytes NS NS NS NS NS 

  

Homo sapiens vs. Gorilla gorilla NS NS NS NS NS 

  

Pan troglodytes vs. Gorilla gorilla NS NS NS NS NS 

        Plantar Infant 2 Homo sapiens vs. Pan troglodytes NS 0.008530* NS NS NS 

  

Homo sapiens vs. Gorilla gorilla NS 0.027881* NS NS NS 

  

Pan troglodytes vs. Gorilla gorilla NS NS NS NS NS 

        

 
Infant 1 Homo sapiens vs. Pan troglodytes NS NS NS NS 0.022118* 

  

Homo sapiens vs. Gorilla gorilla 0.014893* NS 0.009767* NS 0.045319* 

  

Pan troglodytes vs. Gorilla gorilla 0.039944* NS 0.038129* NS NS 
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Table 4.18: Results of t-test for dependent samples. 

* indicates significance before but not after the Bonferroni correction. Bold values are significant (p < 0.005) even after the 
correction. 
 

   
MT 1 

VOI comparison Age category Taxon  DA BV/TV I E Tb.Th 

Dorsal vs central  Infant 2 
Homo sapiens  

0.042976* NS 0.010495* NS NS 

  

Pan troglodytes  
0.005542* 0.035791* NS NS NS 

  

Gorilla gorilla  
0.001576 NS NS NS NS 

        

 
Infant 1 

Homo sapiens  
0.019836* NS NS NS NS 

  

Pan troglodytes  
NS NS NS NS NS 

  

Gorilla gorilla  
0.003110 NS NS NS NS 

        

        
Dorsal vs plantar Infant 2 

Homo sapiens  
NS NS NS NS NS 

  

Pan troglodytes  
NS 0.027272* NS 0.049758* NS 

  

Gorilla gorilla  
0.001207 NS NS NS NS 

        

 
Infant 1 

Homo sapiens  
0.038831* 0.014037* NS NS NS 

  

Pan troglodytes  
NS NS NS NS NS 

  

Gorilla gorilla  
0.042122* NS NS NS NS 
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Table 4.19: Summary of results for the human hallucal distal phalanx VOI.  

Means are presented with standard deviations in parentheses when appropriate. Bottom 
table presents results of unpaired t-tests between age categories within a taxon. * 
indicates significance before (p < 0.05) but not after the Bonferroni correction.  
 

  

  
Hallucal distal phalanx VOI 

   Age 
category Taxon N DA  BV/TV  I  E 

 
Tb.Th 

                 Adult Homo sapiens 5 3.89 (1.94) 
 

0.28 (0.03) 
 

0.32 (0.15) 
 

0.42 (0.20) 
 

0.15 (0.02) 

Infant 2 Homo sapiens 3 3.01 (0.25) 
 

0.25 (0.02) 
 

0.33 (0.01) 
 

0.19 (0.08) 
 

0.09 (0.02) 

Infant 1 Homo sapiens 1 2.71 
  

0.45 
  

0.37 
  

0.41 
  

0.10 
 

                 

                 

 

Age comparison                               

 
Adult vs Infant 2 

 
NS 

 
NS 

 
NS 

 
NS 

 
0.013934** 
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Table 4.20: Correlation matrix for trabecular fabric properties in each VOI of humans.  

 
 

  
Homo sapiens 

VOI   DA BV/TV I E 

Talar PAF BV/TV -0.092994    

 
I -0.938553 0.062811   

 
E 0.842442 0.303973 -0.844254  

  Tb.Th 0.335104 0.834286 -0.336977 0.639391 

Calcaneal PAF BV/TV -0.519765    

 
I -0.904741 0.162097   

 
E 0.643540 -0.477895 0.222471  

  Tb.Th 0.158964 0.136496 -0.147550 -0.523393 

Calcaneal tendon BV/TV -0.813159    

 
I -0.914667 0.796269   

 
E 0.891602 -0.630592 -0.832430  

  Tb.Th -0.543980 0.505637 0.261000 -0.459339 

MT 1 Dorsal BV/TV -0.222078    

 
I -0.918098 0.296791   

 
E 0.223873 -0.176731 -0.323763  

  Tb.Th 0.835174 -0.355354 -0.742205 -0.064967 

MT 1 Central BV/TV -0.425255    

 
I -0.932606 0.381159   

 
E 0.381824 -0.521552 -0.396338  

  Tb.Th 0.378177 0.151492 -0.577393 0.316095 

MT 1 Plantar BV/TV -0.100692    

 
I -0.946552 0.095675   

 
E 0.746151 -0.072350 -0.715519  

  Tb.Th -0.008386 0.056455 0.080024 -0.279973 

HDP BV/TV -0.103194    

 
I -0.946276 0.039221   

 
E 0.693720 0.191407 -0.597271  

 
Tb.Th 0.185164 0.054568 -0.059913 0.148116 

 
 
 



 

272 
 

Table 4.21: Correlation matrix for trabecular fabric properties in each VOI of 
chimpanzees.  

 
 

  
Pan troglodytes 

VOI   DA BV/TV I E 

Talar PAF BV/TV 0.288621    

 
I -0.970313 -0.139471   

 
E 0.842195 0.105578 -0.874149  

  Tb.Th 0.538964 0.840625 -0.395941 0.530702 

Calcaneal PAF BV/TV -0.558564    

 
I -0.886165 0.713732   

 
E -0.486881 0.588721 0.401597  

  Tb.Th -0.255900 0.266780 0.182883 0.337471 

Calcaneal tendon BV/TV -0.696049    

 
I -0.954472 0.724610   

 
E 0.771331 -0.718353 -0.841569  

  Tb.Th 0.102791 0.199874 0.012522 -0.312187 

MT 1 Dorsal BV/TV -0.534219    

 
I -0.971066 0.591706   

 
E 0.771963 -0.861146 -0.823681  

  Tb.Th 0.224880 -0.281748 -0.258304 -0.021009 

MT 1 Central BV/TV -0.959988    

 
I -0.942497 0.984348   

 
E 0.510598 -0.656529 -0.758653  

  Tb.Th -0.653361 0.745356 0.791809 -0.821109 

MT 1 Plantar BV/TV -0.937652    

 
I -0.976312 0.980218   

 
E 0.331356 -0.236819 -0.384905  

 
Tb.Th -0.248413 0.316454 0.265092 0.132911 
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Table 4.22: Correlation matrix for trabecular fabric properties in each VOI of gorillas.  

 
 

  
Gorilla gorilla 

VOI   DA BV/TV I E 

Talar PAF BV/TV 0.313973    

 
I -0.926901 -0.338226   

 
E 0.845321 0.590653 -0.846201  

  Tb.Th 0.180709 0.922732 -0.277059 0.575965 

Calcaneal PAF BV/TV -0.820215    

 
I -0.867441 0.789016   

 
E 0.195255 -0.629198 -0.467033  

  Tb.Th -0.734838 0.963504 0.699449 -0.727583 

Calcaneal tendon BV/TV -0.151361    

 
I -0.834724 0.304215   

 
E 0.659949 -0.179828 -0.807426  

  Tb.Th -0.087172 0.981571 0.299203 -0.137393 

MT 1 Dorsal BV/TV -0.070286    

 
I -0.980016 0.114255   

 
E 0.934424 -0.401562 -0.953285  

  Tb.Th 0.332517 0.557913 -0.393847 0.169238 

MT 1 Central BV/TV 0.206049    

 
I -0.989546 -0.149323   

 
E 0.264855 -0.358774 -0.257297  

  Tb.Th 0.325176 0.570915 -0.361937 -0.420760 

MT 1 Plantar BV/TV -0.371745    

 
I -0.928438 0.555430   

 
E 0.553246 -0.364451 -0.636671  

  Tb.Th -0.587582 0.786245 0.725747 -0.230932 
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Table 4.23: Pooled within-group correlations (r) between roots and variables.  

 
 

       VOI   DA BV/TV I E Tb.Th 

Talar PAF Root 1 0.43424 0.31824 -0.22888 0.348784 0.59765 

       

 
Root 2 -0.491 0.479168 0.214731 0.132057 0.759631 

    
     

Calcaneal PAF  Root 1 0.543662 -0.06751 -0.48224 0.112545 0.378629 

       

 
Root 2 -0.39606 0.845351 0.799987 -0.32405 0.413145 

    
     

Calcaneal tendon  Root 1 0.611501 -0.39904 -0.79126 0.33123 0.334564 

       

 
Root 2 0.647466 -0.11342 -0.47912 0.699119 -0.37822 

    
     

MT 1 dorsal  Root 1 -0.34009 0.623799 0.354767 -0.17413 -0.35146 

       

 
Root 2 -0.47008 -0.46971 0.490378 -0.24071 -0.48585 
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Table 4.24: F-test. 

F-test results between groups for discriminant function analyses for foot posture group using five  trabecular bone fabric 
properties. P values are plotted on the upper half of the table and F-scores are plotted on the lower half of the table. Bold p 
values are significant at p < 0.05. NHS = no heel-strike. IHS = immature heel-strike. 
  

  
Humans African apes 

VOI   Hallucal toe-off No hallucal toe-off (IHS) No hallucal toe-off (NHS) Lateral toe-off 

Talar PAF Hallucal toe-off - 0.000081 0.000021 0.000003 

 
No hallucal toe-off (IHS) 8.70406 - 0.303012 0.116207 

 
No hallucal toe-off (NHS) 10.4003 1.284854 - 0.091916 

  Lateral toe-off 13.08447 1.992319 2.16533 - 

Calcaneal PAF  Hallucal toe-off - 0.001396 0.002286 0.000263 

 
No hallucal toe-off (IHS) 5.744062 - 0.033897 0.24164 

 
No hallucal toe-off (NHS) 5.266207 2.942103 - 0.140905 

  Lateral toe-off 7.512196 1.458554 1.859494 - 

Calcaneal tendon  Hallucal toe-off - 0.409361 0.221603 0.281786 

 
No hallucal toe-off (IHS) 1.056751 - 0.594602 0.137678 

 
No hallucal toe-off (NHS) 1.523155 0.749879 - 0.060466 

  Lateral toe-off 1.343228 1.8767 2.494473 - 

MT 1 dorsal  No hallucal toe-off (IHS) - - 0.67521 0.977778 

 
No hallucal toe-off (NHS) - 0.636055 - 0.857915 

 
Lateral toe-off - 0.148428 0.376405 - 
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Table 4.25: Discriminant function analysis for foot posture group using five trabecular bone variables. 

.   

 
 
 
 

   
Predicted group membership 

 

   
Humans African apes 

 
VOI Foot posture group N Hallucal toe-off No hallucal toe-off (IHS) No hallucal toe-off (NHS) Lateral toe-off % correct 

Talar PAF Hallucal toe-off 3 3 0 0 0 100 

 
No hallucal toe-off (IHS) 4 0 1 0 3 25 

 
No hallucal toe-off (NHS) 3 0 0 1 2 33.33 

  Lateral toe-off 22 0 0 1 21 95.5 

Calcaneal PAF  Hallucal toe-off 5 5 0 0 0 100 

 
No hallucal toe-off (IHS) 5 0 1 0 4 20 

 
No hallucal toe-off (NHS) 1 0 0 1 0 100 

  Lateral toe-off 19 0 0 1 18 94.74 

Calcaneal tendon  Hallucal toe-off 5 2 0 0 3 40 

 
No hallucal toe-off (IHS) 5 0 2 0 3 40 

 
No hallucal toe-off (NHS) 1 0 0 1 0 100 

  Lateral toe-off 20 1 0 0 19 95 

MT 1 dorsal  No hallucal toe-off (IHS) 5 - 0 0 5 0 

 
No hallucal toe-off (NHS) 3 - 0 0 3 0 

 
Lateral toe-off 16 - 0 0 16 100 
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Table 4.26: Summary of predicted vs observed results.  
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Table 4.26: continued.  
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Table 4.26: continued.  
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Chapter 5:  Conclusions and implications for interpreting the evolution 
and development of pedal mechanics in fossil hominins. 

INTRODUCTION 

A pattern of pedal loading from heel-strike at touchdown to hallucal propulsion at 

toe-off is a distinct feature of mature human bipedalism, likely present by 1.5 million 

years ago (MYA) (Bennet et al., 2009) and possibly much earlier (Leakey and Hay, 1979; 

Pontzer et al., 2010; Raichlen et al., 2010; Ward et al., 2011; Crompton et al., 2012; but 

see Stern and Susman, 1983). In previous chapters I have indentified functionally 

significant anatomical correlates to heel-strike and/or hallucal toe-off within human foot 

bones. This dissertation presents the first ontogenetic analysis of pedal trabecular bone in 

primates and reveals significant variation in trabecular bone ontogeny within and 

between humans and African apes. As such, this dissertation provides a foundation for 

future research regarding the evolution of heel-strike in African apes and humans as well 

as the evolution of a hallucal toe-off in the human lineage.  

A rigid midfoot and a propulsive hallucal toe-off at the end of stance phase are 

unique to mature bipedal modern humans (Sutherland et al., 1980; Susman, 1983; 

Forssberg, 1985; Myklebust, 1990; Wunderlich et al., 1999; Vereecke et al., 2003; 

Bertsch et al., 2004; Crompton et al., 2008; Griffin et al., 2010; Chapter 2). However, 

despite a wealth of fossil foot bone evidence, the first appearance of a rigid midfoot and a 

propulsive hallucal toe-off is also debated (Tuttle, 1981; Stern and Susman, 1983; 

Susman et al., 1984; Susman and Brain, 1988; Latimer and Lovejoy, 1989; Latimer and 

Lovejoy, 1990; Langdon et al., 1991; Duncan et al., 1994; Susman and de Ruiter, 2004; 

Zipfel and Kidd, 2009; Pontzer et al., 2010; Ward et al, 2011; Drapeau and Harmon, 

2013). In this chapter I will combine previous evidence for/against a propulsive hallucal 
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toe-off in fossil hominins with biomechanical (Chapter 2) and trabecular (Chapter 4) 

evidence from this dissertation to discuss possible models for the evolution of active 

propulsion (without a hallucal toe-off) or a propulsive hallucal toe-off in the human 

lineage. 

Recently discovered juvenile fossil hominin foot bones (e.g., the DIK 1-1 ‘Selam’ 

Australopithecus afarensis and the MH2 Australopithecus sediba), offer a new and 

exciting developmental avenue for the study of bipedal evolution. This dissertation 

provides the comparative context necessary to begin reconstructing the evolution and 

developmental timing of foot function and specific bipedal gait events in juvenile and 

adult fossil hominins. In this chapter I will use the results from this dissertation to assess 

three possibilities for the rate of bipedal development in early ancestral hominins. Finally, 

I will discuss areas of future research that will further our understanding of pedal 

mechanics and evolution in extant apes and humans.     

POSSIBLE KINEMATIC DIFFERENCES IN HEEL-STRIKE PLANTIGRADY 

I found that a discriminant function analysis of trabecular fabric properties in the 

plantar aspect of the calcaneal tuber can distinguish between an ontogenetic sample of 

Pan and Gorilla calcanei (Chapter 3). Moreover, in general, there are more significant 

trabecular differences across age categories in chimpanzees than in gorilla foot bones 

(Chapters 4). The differences in trabecular structure are interesting and raise important 

questions about the patterns of evolution of heel-strike because they imply that the rate of 

development of heel-strike (and lift-off postures) may differ between chimpanzees and 

gorillas, (i.e., chimpanzees develop mature foot postures at a later developmental stage),  

or that pedal mechanics may differ between infant chimpanzees and gorillas. 
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During heel-strike at touchdown in Pan, the foot is inverted to a higher degree 

than in humans (Wood Jones, 1916; Elftman and Manter, 1935; Vereecke et al., 2003). In 

some steps, the heel may even contact the ground simultaneous with the lateral midfoot 

in Pan (Elftman and Manter, 1935; Vereecke et al., 2003) leading Vereecke et al. (2003; 

381) to call for a clear distinction between the types of heel-strike in Pan and Homo and 

to conclude that “….heel-strike plantigrady of the human foot is an apparent 

specialization to habitual bipedalism and therefore an apomorphy of the homininae.” 

Vereecke et al. (2003) interpret these differences in Pan and Homo heel-strike to mean 

that heel-strike plantigrady (in general) is a synapomorphy of the great apes from a 

terrestrial ancestor and that modern humans evolved an apomorphic form of heel-strike is 

a divergence from an inverted heel-strike.  Since the ‘great apes’ is a paraphyletic group, 

a synapomorphy in Pongo, Gorilla, and Pan would also have to be present in the LCA of 

great apes and humans.   

As long ago as the 1920s, comparative anatomists recognized that throughout the 

foot, adult human pedal anatomy is more similar to that of gorillas than chimpanzees 

(Morton, 1922, 1924, 1935; Straus, 1926). As noted earlier, among hominoids, the 

relative width of the calcaneal tuber and relative length of the calcaneal body are most 

similar among adult humans and gorillas (Straus, 1926). More recently, Gebo (1992) also 

noted that although all African apes lack a lateral plantar process, compared to 

chimpanzees, gorillas have more bony development on the lateral side of the plantar 

aspect of the calcaneal tuber (i.e., the medial plantar process), and thus, similar to 

humans, have a wider base of the calcaneal tuber. A relatively wide base of the calcaneal 

tuber may allow for a larger contact area of the heel and the substrate, suggesting that, 

compared to chimpanzees, gorillas may not be able to invert their heel as much. Plantar 
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pressure data from a single gorilla suggest a more everted foot posture than bonobos 

(Crompton et al., 2012).  

DETECTING HEEL-STRIKE MECHANICS IN THE HOMININ FOSSIL RECORD 

Even though IHS quickly place the rest of their foot on the ground so that the 

center of pressure is already anterior to the calcaneus when the vertical impact forces are 

highest or when the braking forces peak (Chapter 2) trabeculae in the plantar aspect of 

the calcaneal tuber align anteroplantar to posterodorsal (AP-PD), in line with the 

predicted direction of the ground reaction force resultant in both IHS and adult human 

heel-strikers (Chapter 3). Evidence of relatively thin trabeculae in combination with an 

AP-PD primary trabecular orientation in the plantar calcaneal tuber will indicate either 

NHS or an IHS in fossil hominin calcanei, while the earliest mature modern human-like 

heel-strike will be defined by a combination of an AP-PD primary orientation and 

relatively thick trabecular struts. 

Unfortunately, the earliest possible bipedal hominins lack calcanei 

(Sahelanthropus tchadensis at 7 MYA, Orrorin tugenensis at 6 MYA, Ardipithecus 

ramidus kadabba at 5.2 MYA, and Ardipithecus ramidus at 4.4 MYA).  The 3-3.4 million 

year old calcanei of adult (Latimer and Lovejoy, 1989) and juvenile (Alemseged et al., 

2006) Australopithecus afarensis have a robust calcaneal tuber with a human-like lateral 

plantar process, suggesting that A. afarensis may have used a modern human-like heel-

strike (Latimer and Lovejoy, 1989). Relative depth of the heel and forefoot impressions 

from footprint evidence may support an adult modern human-like foot posture (Day and 

Wickens, 1980; Agnew and Demas, 1998; Raichlen et al., 2010; but see Stern and 

Susman, 1983; Deloison, 1991; Meldrum et al., 2011) including a heel-strike (Crompton 
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et al., 2012) at Laetoli 3.66 million years ago, and Ileret by 1.5 million years ago (Bennett 

et al., 2009).    

Surprisingly, the chimp-like calcaneus with a lack of a lateral plantar process in 

the younger, 1.98 million year old, Australopithecus sediba (MH2) suggests that this 

individual may have used a heel contact foot posture that was different from that of 

earlier hominins and adult modern humans (Zipfel et al., 2011; DeSilva et al., 2013). 

DeSilva and colleagues believe that A. sediba used a chimpanzee-like inverted heel-strike 

and heel-strike may have evolved in parallel within the hominin lineage (Zipfel et al., 

2011; DeSilva et al., 2013). Further support for a variety of foot postures among 

hominins comes from the ape-like talus of OH 8, (possibly Homo) as young as 1.8 

million years ago (see Harcourt-Smith and Aiello, 2004 for a review) that appears to be 

contemporaneous with the human-like KNM-ER 813 Homo habilis talus. 

THE EVOLUTION OF A PROPULSIVE HALLUCAL TOE-OFF 

Heel-strike and a propulsive hallucal toe-off are developmentally (Chapter 2) and 

evolutionarily independent (i.e., African apes evolved a heel-strike without evolving a 

hallucal toe-off) from one another. In this context, the functional decoupling of two 

features thought to be distinctive hallmarks of human walking has important implications 

for how habitual bipedalism is identified and defined in the fossil record. The 

presence/absence of heel-strike in a fossil hominin cannot be used to infer the 

presence/absence of a propulsive hallucal toe-off in that hominin. However, Latimer and 

Lovejoy (1989) hypothesize that if heel-strike and ‘active propulsion’ evolved 

independently (as opposed to as a single functional complex) in early hominins, then an 

active propulsion likely preceded the more ‘passive’ heel-strike. Thus, according to 

Latimer and Lovejoy (1989), evidence of a heel-strike is also evidence of a propulsive  
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lift-off. Results of this dissertation do not reject this hypothesis as long as ‘active 

propulsion’ does not refer to a specific hallucal toe-off.  

This dissertation reveals trabecular patterns associated with a propulsive hallucal 

toe-off that, when applied to the fossil record, will help identify the earliest hallucal toe-

off. Tensile forces from the calcaneal tendon during plantarflexion and compressive 

forces from close-packing of the TCJ in a rigid foot during habitual mature bipedal 

walking appear to influence trabecular morphology more than compressive MTPJ 1 

forces, ground reaction forces beneath the MT 1 head, or ground reaction forces beneath 

the HDP experienced during a propulsive hallucal toe-off. Specifically, evidence of an 

AP-PD primary trabecular orientation in a VOI near the insertion of the calcaneal tendon 

in a fossil hominin will indicate high tensile forces from the pull of the Achiles tendon 

during a propulsive hallucal toe-off. Additionally, when trabecular properties in the 

calcaneal posterior articular facet (PAF) VOI and talar PAF VOI are considered as a 

suite, a discriminant function analysis will classify fossil hominin lift-off as either adult 

human-like or not.  

Although heel-strike cannot be assessed, the 5.2 million old AME-VP-1/71 

Ardipithecus ramidus kababa 4th proximal pedal phalanx shows evidence of dorsal 

canting, suggesting that dorsiflexion was possible at the lateral metatarsophalangeal 

joints (Haile-Selassie, 2001). Similarly, the slightly younger, 4.4 million year old ARA-

VP-6/500 foot has been reconstructed as having a relatively rigid lateral foot allowing for 

powerful propulsion via the lateral toes, but maintained an ape-like, highly divergent 

hallux that was not capable of hallucal propulsion at toe-off (Lovejoy et al., 2009). Thus, 

stability in the lateral foot may have evolved first, followed by the evolution of a medial 

longitudinal arch (Morton, 1935; Kidd et al., 1996; Kidd, 1999; Kidd and Oxnard, 2005), 

supporting a model of general active propulsion preceding a hallucal toe-off.  
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Using external pedal anatomy, researchers have argued for and against a 

propulsive hallucal toe-off in 3-3.4 million year old A. afarensis. According to Stern and 

Susman (1983), the AL 288-1 (Lucy) adult A. afarensis distal fibula and talus complex 

resembles that of great apes in providing a higher degree of plantarflexion than is present 

in humans while a distally-extended lateral margin of the talar trochlea still allowed for a 

reasonable degree of dorsiflexion. According to Langdon et al. (1991) and Laitmer and 

Lovejoy (1989), however, the talocalcaneal joint functioned much like that of a modern 

human and the talus was capable of external rotation during stance resulting in supination 

and close-packing of the talocalcaneal joint (TCJ) in preparation for a propulsive toe-off. 

The navicular has an enlarged medial tuberosity and an ape-like talar facet and cuboid 

articulation (Gomberg and Latimer, 1984; Sarmiento, 2000; Berillon, 1999). 

Alternatively, the navicular may have a human-like tuberosity (Clarke and Tobias, 1995). 

Distal regions of the A. afarensis metatarsal heads are dorsally inflated (Susman et al., 

1984; Latimer and Lovejoy, 1990) and dorsally angled like humans (Latimer and 

Lovejoy, 1990; but see Duncan et al., 1994) yet mediolaterally constricted like great apes 

(Susman et al., 1984), making maximum dorsiflexion less stable than it is in modern 

humans and suggesting that A. afarensis lacked a propulsive toe-off (Susman et al., 

1984). Torsion in the fourth metatarsal head and a deep and flat metatarsal base suggests 

a rigid midfoot and the presence of a medial longitudinal arch (Ward et al., 2011). The 

hallux has been described as adducted and human-like (Latimer and Lovejoy, 1990) or 

abducted and opposable with the ability for strong pedal grasping like an ape (Tuttle, 

1981; Berillon, 1998; Berillon, 1999). Proximal ends of proximal phalanges 1) exhibit a 

degree of dorsal canting that is intermediate between that of great apes and humans and 

2) lack a human-like dorsoplantar expansion suggesting that, while the A. afarensis 

forefoot was capable of greater dorsiflexion than is seen in great apes, it lacked a well-
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developed plantar aponeurosis and a propulsive toe-off (Duncan et al., 1994; Susman et 

al., 1984). Footprint evidence from Laetoli either supports (Day and Wickens, 1980; 

Agnew and Demas, 1998; Raichlen et al., 2010; Crompton et al., 2012) or rejects (Stern 

and Susman, 1983; Deloison, 1991; Meldrum et al., 2011) a hallucal toe-off at 3.66 

million years ago.  

First metatarsals from Paranthropus robustus dating to 1.8-2.6 MYA (SKX 1517 

and SKX 1813) show evidence of modern human-like plantar ligaments, a possible 

aponeurosis, and degree of dorsiflexion at the first metatarsophalangeal joint. However, 

the P. robustus hallucal metatarsals likely lacked the MTPJ 1 close-packing mechanism 

of modern humans and thus, while these hominins may have used active propulsion, they 

lacked a propulsive hallucal toe-off. In addition to a rigid lateral column possibly 

preceding the evolution of a medial longitudinal arch, a human-like ankle may have 

evolved prior to the adduction of the hallux (Harcourt-Smith and Aiello, 2004), further 

supporting the hypothesis that a propulsive hallucal toe-off evolved relatively late in 

some species.  By 1.5 million years ago, footprints from Ileret, Kenya may provide 

evidence for a propulsive hallucal toe-off (Bennett et al., 2009).  

DEVELOPMENTAL TIMING OF HEEL-STRIKE AND HALLUCAL TOE-OFF IN EARLY 
HOMININS 

Heel-strike and toe-off develop gradually throughout ontogeny in modern humans 

(Sutherland et al., 1980; Forssberg, 1985; Myklebust, 1990; Bertsch et al., 2004; Chapter 

2). Developmental timing of these gait events in bipedal fossil hominins has yet to be 

explored. Early hominin foot posture may have followed a similar developmental 

pathway to that of modern humans (Chapter 2). Alternatively, if intraspecific  

comparisons of hominins (i.e., juvenile vs adult A. afarensis) show evidence of heel-

strike and a hallucal toe-off in adults, but juveniles older than 26.4 months (oldest non 
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heel-striker in Chapter 2) do not show evidence of a heel-strike, then heel-strike 

development would have been delayed compared to modern humans. Finally, if 

intraspecific comparisons show evidence of heel-strike and a hallucal toe-off in adults, 

and juveniles younger than 16.8 months (youngest immature heel-striker in Chapter 2) 

also show evidence of a heel-strike and hallucal toe-off, then foot posture developed at an 

accelerated rate compared to modern humans. Accelerated locomotor development could 

be predicted if infant early hominins were not carried by their bipedal mothers but had to 

travel the same distances and keep up with adult members of their group. 

FUTURE RESEARCH 

Pedal mechanics 

Surprisingly few experimental studies of quadrupedal or bipedal foot and/or 

hindlimb mechanics have been conducted using African apes and those studies have 

focused on chimpanzees (Elftman, 1934; Elftman and Manter, 1935; Jenkins, 1972; 

Ishida et al., 1985; Schmitt and Larson, 1995; Wunderlich, 1999) or bonobos (Aerts et al., 

2000; D’Aout et al., 2003, 2004; Vereecke et al., 2003; Crompton et al., 2012) and how 

these taxa compare to humans, without explicitly comparing and contrasting between 

these African apes. In addition, only a few studies have investigated hindfoot pressure in 

adult (Wunderlich, 1999; Wunderlich and Ford, 2000; Vereecke et al., 2003; Raichlen et 

al., 2009) and pedal or hindlimb forces in juvenile and adult chimpanzees (Kimura et al., 

1977; Reynolds, 1985; Kimura, 1985; Li et al., 2004; Kimura and Yaguramaki, 2009). 

Moreover, while heel-strike has been qualitatively described in gorillas (Tuttle, 1970; 

Stern, 1983; Gebo, 1992; Schmitt and Larson, 1995; Crompton et al., 2012), no study has 

quantified pedal mechanics in gorillas.  
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Although there are no published data on the development of heel-strike in apes, 

my preliminary analysis of the developmental timing of heel-strike in chimpanzees and 

gorillas at the North Carolina Zoo indicates that, like knuckle-walking (Doran, 1997; 

Inouye, 1994; Wunderlich and Jungers, 2009) heel-strike develops later (possibly at a 

later developmental stage) and differently in chimpanzees than it does in gorillas. Captive 

gorillas as young as six months old consistently use a heel-strike (Zeininger et al., 2014 

abstract). However, fourteen month old chimpanzees use variable foot postures at 

touchdown, including heel-strike and non heel-strike plantigrady (Zeininger et al., 2014 

abstract). These developmental differences (e.g., that gorillas may use a heel-strike from 

the earliest steps while chimpanzees may transition from a non heel-striking phase to 

using an inverted heel-strike) suggest the possibility that heel-strike may be functionally 

different in chimpanzees and gorillas. 

Future comparative biomechanical analyses of the ontogeny of heel-strike in 

African apes (similar to that of human toddlers that was conducted in Chapter 2) will aid 

in our interpretation of the African ape trabecular results presented here. Little is known 

about the development of pedal mechanics in African apes, especially in the youngest 

infants. Results from this dissertation beg the questions To what degree is the heel 

inverted at touchdown in infant, juvenile, and adult African apes?  Does the degree of 

heel inversion and the direction of the ground reaction force resultant change during 

locomotor development in African apes? How does the African ape heel pad attenuate 

heel-strike forces in the absence of a lateral plantar process? In particular, a comparison 

of pedal mechanics between chimpanzees, bonobos, and gorillas will help us evaluate the 

various hypotheses for how and when heel-strike plantigrady evolved (e.g., in the LCA of 

African apes and humans or independently in each African ape and humans).  
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Trabecular bone morphology 

This dissertation examined multiple VOIs within multiple foot bones, providing a 

more comprehensive examination of pedal trabecular bone than the previous studies upon 

which this dissertation was founded (Maga et al., 2006; Griffin, 2009; Griffin et al., 

2010b; DeSilva and Devlin, 2012; Su, 2013; DeSilva et al., 2013b). There is regional 

variability within a single bone (e.g., the three calcaneal VOIs) and within the foot itself 

(calcaneus vs MT 1 head). This regional variability is either reflective of loading 

variability or it may indicate differences in the response of trabeculae to loading regimes 

(e.g., loading intensity vs loading rate) in different bones or at different joints. In other 

words, trabeculae may respond to functional loading at some joints but not others. 

Experimental studies that investigate trabecular remodeling in multiple bones/at multiple 

joints within the same animal can test this hypothesis.  

Finally, the comparative trabecular sample presented in this dissertation can be 

used to assess the presence/absence of heel-strike and a propulsive toe-off in fossil 

hominins. Table 1 lists the currently available fossil hominin foot bones. My future 

analyses will include adult and juvenile A. afarensis (A.L. 288-1 talus, DIK 1-1 talus and 

calcaneus), juvenile A. sediba (calcaneus), and adult A. africanus (StW 352 calcaneus). 

However, the potential now exists to conduct trabecular analyses on virtually any of these 

available foot bones, which will greatly add to our understanding of early hominin foot 

function and the evolution of human bipedalism.  
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Table 5.1: Early fossil hominin foot bones (5.2-1.5 MYA).  

MLA = medial longitudinal arch. LPP = lateral plantar process. TCJ = talocalcaneal joint. CCJ = calcaneocuboid joint. TNJ = 
talonavicular joint. 
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Table 5.1: continued. 
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Table 5.1: continued.  
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Table 5.1: continued.  
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Table 5.1: continued. 
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Table 5.1: continued.  
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Table 5.1: continued.  
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Table 5.1: continued.  
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