
PNAS  2022  Vol. 119  No. 49  e2208772119� https://doi.org/10.1073/pnas.2208772119   1 of 12

Trabecular bone ontogeny tracks neural development and life 
history among humans and non-human primates
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Trabecular bone—the spongy bone inside marrow cavities—adapts to its mechani-
cal environment during growth and development. Trabecular structure can therefore 
be interpreted as a functional record of locomotor behavior in extinct vertebrates. In 
this paper, we expand upon traditional links between form and function by situating 
ontogenetic trajectories of trabecular bone in four primate species into the broader 
developmental context of neural development, locomotor control, and ultimately life 
history. Our aim is to show that trabecular bone structure provides insights into ontoge-
netic variation in locomotor loading conditions as the product of interactions between 
increases in body mass and neuromuscular maturation. Our results demonstrate that 
age-related changes in trabecular bone volume fraction (BV/TV) are strongly and line-
arly associated with ontogenetic changes in locomotor kinetics. Age-related variation in 
locomotor kinetics and BV/TV is in turn strongly associated with brain and body size 
growth in all species. These results imply that age-related variation in BV/TV is a strong 
proxy for both locomotor kinetics and neuromuscular maturation. Finally, we show that 
distinct changes in the slope of age-related variation in bone volume fraction correspond 
to the age of the onset of locomotion and the age of locomotor maturity. Our findings 
compliment previous studies linking bone development to locomotor mechanics by 
providing a fundamental link to brain development and life history. This implies that 
trabecular structure of fossil subadults can be a proxy for the rate of neuromuscular 
maturation and major life history events like locomotor onset and the achievement of 
adult-like locomotor repertoires.

trabecular bone | hominin | ontogeny | bone functional adaptation | locomotion

Bone morphology is partially determined by genetic processes regulating growth and 
development and partially by bone cells adapting to their mechanical environment (1–3). 
The structure of spongy (trabecular) bone found inside bones is thought to be particularly 
responsive to mechanical stimuli, superimposed upon an organism’s developmental tra-
jectory which may locally vary in degree of canalization (3–8). This concept is referred to 
as bone functional adaptation. The link between mechanical loading and the three-di-
mensional structure of trabecular bone allows locomotor and postural behavior to be 
reconstructed in fossil taxa (8–15). Alterations to ontogenetic trajectories are the principal 
ways in which evolutionary changes in life history and morphology occur (16–18). 
Unsurprisingly then, researchers are increasingly interested in the ontogeny of trabecular 
bone structure to infer the development of gait and posture in extinct species (19–23). In 
this paper, we build on previous studies linking locomotor ontogeny to trabecular bone 
morphology by placing it into the broader developmental context of neural development, 
locomotor control, and ultimately life history. We aim to demonstrate the fundamental 
links between brain development and the life history strategies associated with the speed 
of neural development and locomotor control, on the one hand, and age-related variation 
in locomotor loading and trabecular bone structure on the other. As such, we propose 
that ontogenetic variation in trabecular bone structure contains novel information regard-
ing the rate of neuromuscular maturation and the timing of major life history events such 
as the onset of locomotion in fossil taxa.

Mammalian locomotion usually develops in a stereotypical sequence of events that 
dramatically changes how skeletons are loaded (24–26). Changes in loading direction, 
magnitude, and frequency (3, 27–29) alter trabecular bone structure during develop-
ment, such that this structure provides a ‘functional record’ of age-related behavioral 
changes (19–23, 28, 30–32). Mechanical stimuli initiate several cellular processes in 
osteocytes including gene activation, growth factor production, and matrix synthesis 
(33, 34). One method through which bone is thought to sense and adapt to mechanical 
stimuli is the strain-driven motion of interstitial fluid through the canaliculi that form 
the network of connections between osteocytes (1, 33). This signals the osteocytes to 
initiate bone modeling or remodeling. When strains are normalized, a balanced state 
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is reached in which bone formation and removal are roughly 
equal (35). Computer models that simulate strain energy asso-
ciated with locomotion accurately predict the distribution of 
trabecular structure throughout a bone and the primary orien-
tation of trabeculae (3, 36). Trabecular bone is most resistant to 
compression, less so to tension, and weakest in shear strains (37, 
38). Therefore, bone functional adaptation may be driven by 
shear strain even in cases where compressive strains are greater 
(37, 39). Previous research on the ontogeny of trabecular bone 
in humans (19–22, 40–44), great apes (32, 45), and other mam-
mals (31, 46, 47) suggests a strong link between changes in 
loading conditions as gait develops and responses in trabecular 
structure. For paleontologists, this offers intriguing potential for 
reconstructing developmental variation in locomotor loading 
conditions from juvenile fossils.

Trabecular Bone Ontogeny

Bone growth occurs via the transformation of growth plate carti-
lage into bone through a series of cell and matrix changes (48, 
49). The transformation from growth plate cartilage to trabecular 
bone is similar among mammals (48). This process sets up a basic 
trabecular structure which can later be modified through meta-
bolic and mechanical factors (3). Trabecular bone is laid out 
orthogonal to the growth plate in a dense and anisotropic structure 
which is later refined into bone- and species-specific heterogeneous 
adult states. After initial ossification, the underloaded elements of 
the dense trabecular structure are removed and additional bone is 
added in strained areas, resulting in a mechanically adapted state. 
This model correctly predicts observations of bone loss at early 
stages of ontogeny and explains it as the result of the removal of 
redundant material (3, 7, 36, 50).

A Model Linking Brain and Bone Development. In this paper, 
we aim to demonstrate that there are strong links between 
neuromuscular maturation, life history, locomotor ontogeny, and 
trabecular bone structure. This implies that trabecular structure 
of fossil subadults is a proxy for the rate of neuromuscular 
maturation and life history of extinct species. Here we discuss 
the theoretical justification of our approach and condense it into 
a testable model. The kinetics and kinematics of locomotion 
are transformed from an immature state to increasingly adult-
like patterns during ontogeny (51, 52). Ontogenetic changes in 

locomotor loading are generated by neural circuits that develop 
in parallel to increases in physical size and weight of a growing 
animal (53). Various studies have found slight positive allometry 
between trabecular bone volume fraction (BV/TV) and body mass 
(54–57), but purely ontogenetic allometry does not explain age-
related variation in trabecular properties during development 
(19–21, 23, 31, 41, 46) leaving room for other factors like 
ontogenetic variation in locomotor kinetics and kinematics 
due to neuromuscular maturation. Across mammals (58) and 
birds (59), adult brain size strongly predicts time to locomotor 
onset after conception rather than after birth, indicating that 
locomotor development occurs as part of a highly conserved 
developmental process. During early locomotor development, 
infants are mainly focused on minimizing the risk of falling (60–
62). When individuals increase in strength, stability improves 
and postural constraints are reduced (41, 63, 64). Throughout 
ontogeny, the body refines the most optimal neural networks 
(53, 65), resulting in a reduction in the variability of muscle 
activation and co-contraction and the emergence of the adult 
gait (61, 64–67). It has long been recognized that central nervous 
system maturation and ontogenetic allometry must interact to 
produce age-related variation in animal locomotion (52). In this 
paper, we merge this widely accepted understanding of locomotor 
development with ‘bone functional adaptation,’ a central paradigm 
in skeletal development (3, 68). Both theoretical paradigms are 
widely accepted in general forms although significant debates 
exist regarding their specific mechanistic underpinnings. We 
propose the following model to explain ontogenetic trajectories 
of trabecular bone structure (Fig. 1):

i. �Trabecular structure is largely shaped by age-related 
variation in loading conditions.

ii. �Changing gait kinetics during the development of loco-
motion alter a bone’s mechanical environment to which 
trabecular structure dynamically adapts (3, 7, 20, 28).

iii. �Changes in gait kinetics arise from interactions between 
maturation of the nervous system due to experience and 
brain development and increases in body mass due to 
somatic growth (52, 60, 65).

iv. �Therefore, interactions between the degree of brain mat-
uration and body mass should also predict age-related 
variation in trabecular structure.

Fig. 1. Summary of our model describing age-related variation in BV/TV as an interaction between growth in body mass, neuromaturation, and locomotor 
mechanics. Adapted from Saers et al. (69).
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The aim of this paper is to test this model based on analysis of 
a cross-sectional ontogenetic sample of the calcaneus of humans, 
chimpanzees, gorillas, Japanese macaques, and available biome-
chanical data from the published literature. These species cover 
several major primate locomotor modes including knuckle-
walking/climbing (Gorilla, Pan), bipedalism (Homo), and terres-
trial/arboreal quadrupedalism (Macaca). All species differ in life 
history, body size, sexual dimorphism, and locomotor ontogeny, 
enabling us to test support for our model despite such potentially 
confounding variables. There are several reasons why the calcaneus 
is an excellent bone for this study. The calcaneus is present at birth 
in all four species and is one of the last bones to complete ossifica-
tion 70,71. In skeletal analysis, trabecular bone is modeled as a 
continuous material; however, this assumption breaks down on 
scales smaller than 3–5 trabecular lengths and along the edges of 
a bone 72. Fortunately, the calcaneus is relatively large and contains 
enough trabecular bone to satisfy the continuum assumption 72. 
The calcaneus has a highly species-specific loading environment as 
it contacts the ground in apes but serves solely as a lever in other 
primates. Applying our model to species where the calcaneus serves 
different functions can assess its general applicability.

The model predicts that interactions between body size and brain 
development underlie age-related variation in locomotor kinetics 
as organisms learn to walk, which should, in turn, result in age-
related variation in trabecular bone structure. Marked changes in 
the slope with which trabecular structure varies with age are 
expected to correspond to landmark events in the development of 
locomotion like the onset of locomotion and the achievement of 
an adult-like gait. The ages at which locomotor and other devel-
opmental landmarks occur on average are summarized in Table 1. 
In each species, adult brain size develops well before adult body 
size is achieved 73. Additionally, in all but Pan troglodytes the males 
take longer than females to reach their adult body size 74. 
Locomotor development of humans, chimpanzees, gorillas, and 
Japanese macaques is described in SI Appendix, Supplementary 
information 1, and general calcaneus functional morphology is 
described in SI Appendix, Supplementary information 2.

Research Questions and Null Hypotheses. In this paper, we aim 
to demonstrate that there are strong links between locomotor 
loading, neuromuscular maturation, life history, and trabecular 

bone structure throughout ontogeny. We first assess whether 
average age-related changes in kinetic data in humans 79,80 
chimpanzees 81, and Japanese macaques 76 can predict age-related 
variation in trabecular bone structure in age-matched individuals 
(Question 1). We then test the second part of the model by 
assessing whether interactions between neuromaturation and body 
mass can predict age-related patterns in kinetic data (Question 2). 
We then examine if this relationship between neuromaturation 
and allometry predicts ontogenetic trajectories of trabecular 
bone across primates (Question 3). Finally, we assess if landmark 
changes in the development of locomotion (locomotor onset, 
achievement of adult-like locomotor repertoire) are associated with 
distinct changes in the slope with which trabecular structure varies 
with age. If we can demonstrate that age-associated break points 
in BV/TV correspond to developments in locomotor kinetics 
and neuromaturation in extant primates, then researchers could 
similarly infer locomotor development and thus neuromaturation 
rates in fossil species.

1. Does age-related variation in locomotor loading predict BV/
TV in humans, chimpanzees, and macaques?

We use kinetic data from the literature and age-match this 
to our measured trabecular bone properties in the calcaneus of 
humans, chimpanzees, and macaques. H0: Bone volume frac-
tion (BV/TV) is not proportional to age-related variation in 
kinetic variables. We will reject the null hypothesis if there is a 
significant linear correlation between BV/TV and kinetic 
variables.

2. Do interactions between body mass and neuromaturation 
predict age-related variation in locomotor kinetics?

We then test whether interactions between age-related variation 
in brain development and body mass can predict age-related var-
iation in hindfoot and ankle kinetics. H0: interactions between 
neuromaturation (or percentage of adult brain size) and body mass 
do not account for age-related variation in kinetic variables. We 
will reject the null hypothesis if there is a significant linear corre-
lation between an interaction model between body mass and neu-
romaturation (or percent adult brain size) and kinetic variables 
and if the model quality is higher than any alternative (Lowest 
Akaike Information Criterion (AIC); 82).

3. Do interactions between body mass and neuromaturation 
predict ontogenetic trajectories of BV/TV in primates?

We compare various regression models to assess which best 
predicts age-related variation in trabecular bone properties. The 
model with the lowest AIC and highest R2 is chosen as indicating 
the highest model quality. H0: interactions between percentage 
of adult brain size and body mass do not correlate with age-related 
variation in BV/TV in primates. We will reject the null hypothesis 
if interactions between body mass and percent of adult brain size 
are the highest quality models.

4. Do milestones in the development of locomotion correspond 
to significant changes in slope in the relationship between age and 
BV/TV?

Using piecewise linear regressions, we test if milestones in loco-
motor development match changes in slope of the relationship 
between age and BV/TV across four species. Locomotor land-
marks are 1) onset of locomotion and 2) the achievement of adult-
like locomotion. The model with the lowest AIC and highest R2 
is chosen as indicating the highest model quality. H0: break points 
in the slope of piecewise regressions do not overlap with the ages 
at which landmark changes in locomotion occur (Table 1). We 
reject the null hypothesis if piecewise regression models are 
higher-quality models compared to linear regressions and if the 
break points of piecewise regressions overlap with the ages of loco-
motor onset and the achievement of adult gait.

Table 1. Summary of relevant life history variables: 
mean age of locomotor milestones and the mean age at 
eruption of the first and second molars (M1, M3)

Species

Loco-
motor 
onset

Loco-
motion 

adult-like

M1 
erup-
tion

M3 
erup-
tion3

Adult 
brain 
size 

approx-
imated

Homo 
sapiens

11 5–65,9 6.33 20.5 6*

Pan 
troglo-
dytes

0.332 4–62 4.08 11.2 4.5*

Gorilla 
gorilla

0.332* 3–42* 3.88 10.9 3.4*

Macaca 
fuscata

0.084 1.54 1.63 5.8 1.77

All ages are species averages in years after birth.References: 1Garwicz et al. (58)2, Doran 
(25)3, Smith et al. 754, Kimura 765, Sutherland (52), 6Cofran and DeSilva 69, 7Sakaiet al. 77, 
8Kelley and Schwartz 78, 9Samson et al. 79.
*In the absence of published data on the timing of locomotor onset and adult-like locomo-
tion in G. gorilla, data for these two variables are reported here for G. beringei.

http://www.pnas.org/lookup/doi/10.1073/pnas.2208772119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2208772119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2208772119#supplementary-materials
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Results

We first test whether age-related changes in BV/TV are associated 
with ontogenetic changes in locomotor kinetics (Question 1). We 
then investigate if age-related variation in locomotor kinetics 
(Question 2) and BV/TV (Question 3) is in turn associated with 
brain and body size growth in all species. Confirmation of these 
three questions implies that age-related variation in BV/TV is a 
proxy for both locomotor kinetics and neuromuscular maturation. 
Finally, we examine whether changes in the slope of age-related 
variation in bone volume fraction correspond to the age of the 
onset of locomotion and the age at which adult-like locomotion 
is achieved (Question 4).

Question 1. Does age-related variation in locomotor loading 
predict BV/TV in humans, chimpanzees, and macaques?

According to our model, BV/TV of the calcaneus should be 
predictable largely by age-related variation in its loading environ-
ment. We approximate loading environment using force-time-in-
tegrals (FTI), peak or mean ground reaction forces (GRF), and 
estimated peak or mean ankle joint moments. In humans, chim-
panzees, and Japanese macaques, the biomechanical variables 
correlate strongly and linearly with BV/TV of the calcaneus (R2= 
0.76–0.93; Table 2 and Fig. 2). These results support the first part 
of our model that ontogenetic variation BV/TV can be predicted 
based on ontogenetic variation in the loading environment of the 
foot. We therefore reject null hypothesis 1.

Question 2. Do interactions between body mass and neuro-
maturation predict age-related variation in locomotor kinetics?

Our model predicts that the loading environment should vary 
depending on interactions between neuromuscular maturation 
and allometric scaling as body size increases. We tested whether 
age-related variation in locomotor kinetics of humans, chimpan-
zees, and macaques is best predicted by body mass, neuromatu-
ration, or an interaction between body mass and neuromaturation. 
The neuromaturation variable is strongly and linearly correlated 
to percentage of adult brain size in humans (R2= 0.98, P < 0.001). 
Since we have no way to estimate neuromaturation in the non-hu-
man primates, we use estimated percentage of adult brain size as 
a proxy. Almost all models are significant, but the highest quality 
models (highest R2 and lowest AIC) are models that include inter-
actions between neuromaturation (or percentage of adult brain 
size) and body mass (Table 3).

These strong model fits are consistent with an interaction 
between neuromaturation (and by proxy, percent adult brain size) 
and body mass underlying ontogenetic variation in locomotor 
kinetics observed in all three species, and we therefore reject null 
hypothesis 2. This strongly, but indirectly, supports our model 
that interactions between body mass and neural maturation 
explain age-related variation in loading patterns as gait 
develops.

Table 2. Statistics summarizing the model outcomes 
of regressions between age-related variation in bone 
volume fraction (BV/TV) and kinetic variables
Species Model R2 P n

Homo BV/TV ~ hindfoot FTI 0.93 <0.001 11
BV/TV ~ whole foot FTI 0.93 <0.001 11

BV/TV ~ peak ankle 
moment

0.83 <0.001 22

Pan BV/TV ~ FTI 0.89 <0.001 36
BV/TV ~ ankle moment 

(from mean GRF)
0.89 <0.001 36

BV/TV ~ ankle moment 
(from FTI)

0.87 <0.001 36

Macaca BV/TV ~ peak GRF result-
ant (2–6 mo old)

0.76 0.052 5

BV/TV ~ peak GRF result-
ant (full sample)

0.79 <0.001 27

BV/TV ~ peak ankle mo-
ment (2–6 mo old)

0.77 0.051 5

BV/TV ~ peak ankle mo-
ment (full sample)

0.77 <0.001 27

FTI = force-time-integral normalized by body mass, GRF = ground reaction force.
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Fig. 2. Regressions between kinetic variables and calcaneal bone volume fraction (BV/TV) in ontogenetic samples of humans, chimpanzees, and Japanese 
macaques. Macaques are analyzed twice, first using a sample that matches the age range of the study from which kinetic variables were taken [2–6 mo, n = 5, 
76]. Second, a larger sample using predicted kinetic variables for younger and older individuals keeping in mind that the equation used to predict these variables 
was derived from very young individuals and few datapoints. See Materials and Methods for further details. FTI = force-time-integral normalized by body mass, 
GRF = ground reaction force.
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Question 3. Do interactions between body mass and brain 
development predict ontogenetic trajectories of BV/TV in 
primates?

In all four species, the age-related variation in BV/TV is best 
predicted by an interaction between body mass and percentage of 
adult brain size (Table 4). However, in humans and macaques the 
best-fitting model also includes another interaction term for the 
age of locomotor onset (see Table 1). This is due to the reversal in 
slope that occurs around the onset of locomotion (Fig. 4). 
Presumably, a slope reversal at the onset of locomotion also occurs 
in chimpanzees and gorillas, but the youngest Gorilla and Pan 
specimens in our sample are both estimated to be around 6 mo of 
age, which is after the onset of independent locomotion around 
for both taxa (Table 1). These findings support the rejection of null 
hypothesis 3.

Predictions of the highest quality models are plotted in Fig. 3 
against both chronological age and a measure of postnatal maturity 

(maturity = age / age at adulthood, birth = 0, adult = 1). In 
humans, the reversal from negative to positive slope is delayed 
compared to Japanese macaques in terms of chronological age and 
degree of postnatal maturity.

Question 4. Do milestones in the development of locomotion 
correspond to significant changes in slope in the relationship 
between age and BV/TV?

Using piecewise linear regressions, we examine whether models 
with zero, one, or two inflection points are better fits to the data 
(Table 5 and Fig. 4). In all four species, the piecewise models have 
the greatest model quality (highest R2, lowest AIC). In humans 
and Japanese macaques, the highest quality model contains two 
break points: the first conforms to the age of locomotor onset  
(1 y in humans, 1 mo in macaques, Table 1), and the second 
conforms to the age where locomotor patterns match those of 
adults (around 5–6 y in humans and in the second year of life in 
Japanese macaques). In chimpanzees and gorillas, the best models 

Table 3. Comparison of various regression models where age-related variations in loading conditions are predict-
ed by body mass, neuromaturation, or an interaction between the two

Taxon Dependent Independent Adj. R2 AIC P n

Homo FTI whole foot BM 0.87 −43.50 <0.001 12
Percent adult brain size 0.84 −40.64 <0.001 12
Neuromaturation 0.98 −67.67 <0.001 12
BM × neuromaturation 0.99 −78.22 <0.001 12
BM × percent adult brain size 0.98 −64.55 <0.001 12

FTI hindfoot BM 0.77 −56.47 <0.001 12
Percent adult brain size 0.94 −73.13 <0.001 12
Neuromaturation 0.92 −69.59 <0.001 12
BM × neuromaturation 0.98 −85.47 <0.001 12
BM × percent adult brain size 0.99 −93.25 <0.001 12

Peak ankle moment BM 0.64 −142.81 <0.001 22
Percent adult brain size 0.91 −173.27 <0.001 22
Neuromaturation 0.73 −148.91 <0.001 22
BM × neuromaturation 0.92 −176.44 <0.001 22
BM × percent adult brain size 0.95 −187.36 <0.001 22

Pan FTI BM 0.84 −197.85 <0.001 35
Percent adult brain size 0.84 −198.41 <0.001 35
BM × percent adult brain size 0.99 −285.02 <0.001 35

Ankle moment from mean GRF BM 0.83 −59.28 <0.001 35
Percent adult brain size 0.86 −66.61 <0.001 35
BM × percent adult brain size 0.99 −152.01 <0.001 35

Ankle moment from FTI BM 0.91 122.12 <0.001 35
Percent adult brain size 0.74 160.49 <0.001 35
BM × percent adult brain size 0.98 66.02 <0.001 35

Macaca Peak GRF 2–6 mo BM 0.68 −13.66 0.087 5
Percent adult brain size 1.00 −55.21 <0.001 5
BM × percent adult brain size 1.00 −111.74 <0.001 5

Peak ankle moment 2–6 mo BM 0.68 2.20 0.085 5
Percent adult brain size 1.00 −33.24 <0.001 5
BM × percent adult brain size 1.00 −73.50 <0.001 5

Peak GRF Full sample BM 0.87 −43.63 <0.001 30
Percent adult brain size 0.99 −133.93 <0.001 30
BM × percent adult brain size 1.00 −204.20 <0.001 30

Peak ankle moment Full sample BM 0.91 50.04 <0.001 30
Percent adult brain size 0.98 0.68 <0.001 30
BM × percent adult brain size 1.00 −69.32 <0.001 30

Highest quality models in bold (lowest AIC, highest R2).FTI = force-time-integral normalized by body mass, GRF =ground reaction force, BM = body mass.
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only contained one break point. Presumably, the reason is that for 
both species, the youngest individuals are around 6 mo of age 
which is after the onset of locomotion. The single break points in 
chimpanzees and gorillas also occur at the age at which locomotor 
patterns become nearly identical to that of adults which is on 
average around 5 y for chimpanzees and around 3.5 y for gorillas. 
We therefore reject null hypothesis 4.

Discussion

All null hypotheses were rejected, and the results support the pre-
dictions of our model wherever data were available to test it (Fig. 
1). We found that ontogenetic variation in kinetic data strongly 
and linearly predicts age-matched BV/TV in humans, chimpan-
zees, and Japanese macaques. We predicted that age-related vari-
ation in these biomechanical variables is the product of variation 
in gait kinetics due to neuromuscular maturation and somatic 
growth. Results were also consistent with this prediction as the 
interaction between body mass and a derived equation for neuro-
maturation and estimated percentage of adult brain size were also 
the best models fitted to ontogenetic variation in estimates of FTI, 

GRF, and ankle joint moment. These results strongly support the 
hypothesis that trabecular bone is shaped by age-related variation 
in loading environment during ontogeny which is in turn the 
product of neuromaturation and body size growth. Our results 
suggest that analysis of trabecular bone ontogeny may provide a 
novel approach for assessing the neural maturation of fossil ver-
tebrates. We discuss how these findings can be applied to the fossil 
record below.

Our findings are consistent with the interpretation that the 
developmental trajectory of BV/TV from conception to adulthood 
is marked by three main phases that can be identified by significant 
changes in slope of the bivariate relationship between BV/TV and 
age (Fig. 1). The first ‘pre-locomotor’ phase occurs between the 
start of endochondral ossification until the onset of locomotion 
where bone is laid down orthogonal to the ossification center and 
subsequently resorbed, leading to a decrease in BV/TV 19,20,69. 
The second ‘neuromaturation’ phase occurs between the age at 
onset of locomotion and the achievement of adult-like gait and 
locomotor repertoire and is marked by a reorganization of trabec-
ular structure into the heterogenous adult-like state and an increase 
in overall BV/TV (20, 23). Finally, the ‘mature locomotion’ phase 
starts around the beginning of the juvenile period when locomotor 
behavior becomes adult-like and ends with adulthood when 
growth has completed. When adult-like locomotion is achieved, 
humans are around 20% of adult body size, chimpanzees 25%, 
gorillas 15 to 30%, and Japanese macaques 25%. This final phase 
is marked by a shallow increase in BV/TV which corresponds to 
slight positive allometry between body mass and BV/TV which 
has been reported within and between primates (20, 23, 54, 55) 
and other animals 56,83.

Pan and Gorilla data analyzed here do not show the reduction 
in BV/TV after birth that is found in Homo and Macaca. This 
conforms to previous reports in the chimpanzee postcranium by 
Tsegai and colleagues (32) who also did not find an initial reduc-
tion in BV/TV. However, both studies lack individuals younger 

Table 5. Comparison of linear regressions between 
BV/TV and age to piecewise regression models with one 
or two break points

Taxon
Number of 

breaks
Break 

points ± se Adj. R2 AIC

Homo 
sapiens  
(n = 26)

0 0.72 −83.4
1 0.5 ± 0.1 0.87 −103.3

2 0.9 ± 0.1, 
6.4 ± 1.6

0.91 −112.0

Macaca 
fuscata  
(n = 36)

0 0.61 −90.4
1 1.6 ± 3.1 0.79 −111.1

2 0.06 ± 0.07, 
1.41 ± 0.17

0.86 −123.5

Pan troglo-
dytes  
(n = 32)

0 0.78 −106.7
1 4.9 ± 0.6 0.90 −131.8

2 4.9 ± 1.3, 
6.7 ± 5.1

0.90 −129.1

Gorilla gorilla 
(n = 38)

0 0.77 −118.0
1 2.9 ± 0.7 0.86 −135.1

2 0.7 ± 0.1, 
2.9 ± 1.0

0.86 −133.3

Break points correspond to the age in years where the bivariate relationship between age 
and BV/TV changes significantly in slope.0 breaks = standard linear regression, one break 
= piecewise regression with one inflection point, two breaks = piecewise regression with 
two inflection points.

Table 4. Comparison of various regression models 
to predict BV/TV, the best fit (highest R2) and highest 
model quality (lowest AIC) are in bold

Taxon
Independent 

variables Adj. R2 AIC p

Homo sapiens 
(n = 26)

BM Percent 
adult brain 
size

0.69 −80.9 <0.001
0.28 −58.9 0.006

BM × percent 
adult brain 
size

0.80 −92.1 <0.001

BM × per-
cent adult 

brain size × 
locomotor 

onset

0.89 −105.3 <0.001

Macaca 
fuscata  
(n = 35)

BM Percent 
adult brain 
size

0.67 −93.3 <0.001
0.58 −85.4 <0.001

BM × percent 
adult brain 
size

0.73 −100.6 <0.001

BM × per-
cent adult 

brain size × 
locomotor 

onset

0.85 −54.1 <0.001

Pan troglodytes 
(n = 32)*

BM Percent 
adult brain 
size

0.76 −103.6 <0.001
0.76 −102.8 <0.001

BM × 
percent 
adult brain 
size

0.81 −109.1 <0.001

Gorilla gorilla 
(n = 38)*

BM Percent 
adult brain 
size

0.68 −104.6 <0.001
0.72 −109.4 <0.001

BM × 
percent 
adult brain 
size

0.89 −145.2 <0.001

BM = body mass in kg, *No individuals pre-locomotor onset in the sample.
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Fig. 3. Trabecular bone volume fraction plotted against chronological age 
(Left) and maturity score (age/age when growth ceases on average, adults have 
a value of 1; Right). Lines are loess curves fitted to predicted bone volume 
fraction (BV/TV) based on interactions between body mass and percent adult 
brain size (chimpanzees and gorillas) and interactions between body mass, 
percent adult brain size, and locomotor onset (humans and macaques).

than 6 mo. As the reversal in slope from negative to positive coin-
cides with the onset of locomotion, which occurs well before 6 
mo of age in Gorilla and Pan, a likely explanation for not observing 
the early reduction in BV/TV is a lack of neonates and very young 
infants in both samples (Fig. 4).

The onset of locomotion occurs relatively late in humans after 
birth due to their large adult brain size (58) and relatively short 
gestation 84–86. Portmann 87 estimated that if humans were to 
be born as neurologically and cognitively precocial as chimpan-
zees, they would require a gestation time of at least 18 mo. This 
late onset of locomotion in both chronological age and develop-
mental age is reflected in trabecular structure when the slope of 
BV/TV with age switches from negative to positive (Figs. 3 and 
4). This finding implies that ontogenetic trajectories of trabecular 
structure offer a unique opportunity to study variation in the 
relative timing of locomotor onset in the fossil record. Interestingly, 
for all four species in this study, the age at locomotor maturation 
overlaps roughly with the timing of the eruption of the first molar, 
the age at which the brain approximates the size of an adult, and 

the beginning of the juvenile phase of primate development 
(Tables 1 and 5). Such correspondence between life history-re-
lated variables is perhaps not surprising given the interconnected 
developmental mechanisms that give rise to the commonly shared 
life history stages of primates 73,86,88. In non-human primates, 
the transition from infancy to the juvenile period is roughly 
marked by independence of the subadult from its mother, 
advanced motor control, the eruption of the first permanent 
molars, sexual immaturity, and reduced growth velocity compared 
to infancy 86. Humans are the exception to the general primate 
developmental pattern due to the presence of a unique childhood 
phase between infancy and juvenility which is characterized by 
reduced growth velocity and weaning, but combined with con-
tinuing brain growth, immature dentition, and a dependence on 
older individuals for care and feeding 86,89,90. Our results sup-
port the idea that trabecular bone structure reflects the advanced 
motor control of primates at the start of the juvenile phase via its 
close correspondence to the adult-like state. Our results also sup-
port the prediction of our model of a ‘mature locomotor phase’ 
where minor differences in trabecular properties between juveniles 
and adults can be attributed to slight positive allometry with body 
size that has been reported within and between primate species 
(23, 54, 55).

Implications. The results support our proposed model to explain 
species-specific variation in the developmental trajectories of 
trabecular bone structure. Support for this model is particularly 
noteworthy as all four species differ in potentially confounding 
variables such as life history, body size, sexual dimorphism, 
and locomotor ontogeny. These results point to fundamental 
links between brain development and associated life history 
strategies, on the one hand, and locomotor development and 
trabecular bone structure on the other. Simple interactions 
between body mass and neuromaturation also predict BV/TV 
across the four primate species in our sample, implying that 
age-related variation in BV/TV can be used to infer the rate of 
neuromuscular maturation of locomotion, given an adequate 
sample size. This implies that trabecular structure can be used 
to reconstruct key life history events in fossil species including 
the onset of locomotion and the timing at which adult-like 
locomotor patterns are obtained.

In humans, the onset of locomotion is associated with the 
timing of several important aspects of brain development. 
Locomotion is not just a developmental precursor to numerous 
psychological changes but plays a causal role in their formation 
91–94. The onset of human independent locomotion is followed 
by a revolution in perception-action coupling, spatial cognition, 
memory, and social and emotional development 91. Neural func-
tion and structure reciprocally influence one another throughout 
development 91,92, placing the activity of locomotor develop-
ment in the center of development, rather than being just a con-
sequence of neural maturation. In other words, the onset of 
independent locomotion is an important life history event related 
to adult brain size and the timing of neuromuscular development. 
Being able to detect bony markers of locomotor development can 
provide unique insights into fossil locomotion as well as aspects 
of life history 95.

Our findings show that simple bivariate plots of age and 
whole bone BV/TV are sufficient to reconstruct the timing of 
locomotor onset and maturation in fossil species. These data 
are easy to generate using the protocols and free software 
described in this manuscript. A drawback of this approach is 
that a sample consisting of multiple individuals is required to 
pinpoint inflection points in slope. Isolated fossils contain 
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additional morphological signatures of locomotor onset that 
have been presented previously (20, 23). Specifically, we showed 
that primary direction of trabecular bone stiffness reorients 
from the direction in which the bone is growing to the direction 
in which the bone is loaded (80°) exactly as locomotor onset 
occurs (23). Precise calculation of primary bone stiffness 
requires specialized software to which we no longer have access 
(Medtool, www.dr-pahr.at). However, assessment of whether 
the trabecular reorientation has occurred can be done visually, 
providing an indicator of locomotor onset that is applicable 
even to isolated fossils.

The fossil record provides several challenges to the application 
of our approach. Issues include those common to all paleobiol-
ogy such as preservation, dating, dealing with isolated finds, 
taxonomy, as well as those specific to studies of development 
such as the estimation of chronological age and developmental 
stage. The chronological age of fossil specimens can be estimated 
based on developmental indicators such as body size, brain devel-
opment, dental eruption, and skeletal fusion. Synchrotron scan-
ning of the dentition can be used to establish a chronological 
age for an individual 96, at least within the first few years after 
birth. Such chronological ages can then be used to calibrate 
ontogenetic trajectories of somatic, dental, and brain develop-
ment 97. Juvenile hominin fossils are exceptionally rare, but 
recent discoveries of numerous juvenile hominins 98 paired with 
methodological advances in the functional analysis of trabecular 
bone 23,99 provide a unique opportunity to investigate hominin 
locomotor ontogeny. More broadly, this approach can provide 

novel insights into the evolution and development of two defin-
ing human traits: our slow development and our unique mode 
of locomotion.

Limitations. The analyses reported here can be expanded by 
examining additional skeletal elements, inclusion of additional 
trabecular variables (trabecular thickness, anisotropy), and 
by mapping regional variation in trabecular properties 
throughout whole bones (23). Like most biomechanical 
analyses of trabecular bone structure, we use a cross-sectional 
approach, linking ontogenetic variation in average foot loading 
measured in one group, to age-related variation in trabecular 
bone structure measured in another. Our biomechanical data 
does not account for age-related variation in daily time spent 
walking or running, nor for inter-individual variation in walking 
mechanics. Longitudinal approaches are currently possible in 
rodents and are slowly becoming more feasible in humans and 
other large mammals with advances in HRpQCT scanning. The 
next step to investigate the relationships between bone structure, 
behavior, and neural development should take advantage of 
these exciting possibilities for longitudinal experiments. The use 
of inference and induction, based on existing cross-sectional 
analyses and data, provides an excellent first attempt at linking 
neural development, the motor control of locomotion, and 
trabecular bone morphology. We hope that this paper will 
inspire and encourage researchers in a range of fields to attempt 
the longitudinal studies that would be ideal to experimentally 
validate the models and results tested here.
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Fig. 4. Best-fitting piecewise regression models from Table 4. Gray-shaded areas represent the standard error of the break points, red-shaded areas represent 
mean age of locomotor onset, and blue-shaded areas represent mean age of locomotor maturation. BV/TV = bone volume/total volume.
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Conclusions

In this paper, we placed the relationship between locomotor 
ontogeny and trabecular bone morphology into the broader 
developmental context of neural development, locomotor con-
trol, and ultimately life history. It has long been recognized that 
central nervous system maturation and ontogenetic allometry 
must interact to produce age-related variation in animal locomo-
tion (52). We merge this widely accepted understanding of loco-
motor development with bone functional adaptation, a central 
paradigm in skeletal development (3, 68). We examined the 
ontogenetic trajectories of trabecular bone structure in the cal-
caneus of humans, chimpanzees, gorillas, and Japanese macaques. 
We showed that:
1.	 Ontogenetic variation in locomotor kinetics is strongly and 

linearly correlated with age-matched BV/TV in humans, chim-
panzees, gorillas, and Japanese macaques.

2.	Interactions between body size and percent adult brain size 
strongly predict ontogenetic trends in these biomechanical 
variables.

3.	This interaction between percent adult brain size and body mass 
is the best model to explain age-related variation in BV/TV in 
all four primate species.

4.	Distinct changes in the slope of the bivariate relationship between 
age and BV/TV correspond to the age of the onset of locomotion 
and the age at which adult-like locomotion is achieved.
Our results support the presence of fundamental links 

between brain development and associated life history strategies, 
on the one hand, and locomotor development and trabecular 
bone structure on the other. We therefore argue that ontogenetic 
variation in trabecular structure contains novel information 
regarding the rate of neuromuscular maturation and major life 
history events in fossil taxa. We discussed the implications of 
these results and how they can be applied to the fossil record. 
Further development of this approach could have significant 
implications for vertebrate paleontology by providing a new way 
of assessing the neural maturation of fossil vertebrates and would 
provide a new way in which paleobiologists can view the devel-
oping skeleton.

Materials and Methods

Sample. We micro-CT (µCT) scanned the calcaneus from the skeletal remains 
of 36 juvenile male Japanese macaques (Macaca fuscata fuscata) from a col-
ony housed in a large open-air enclosure at the Primate Research Institute, 
University of Kyoto (PRI) 100. Individuals are of known age and body mass 
at death, and in most cases, parental lineage is recorded. Specimens were CT 
scanned at the PRI with a SkyScan1275 µCT scanner at 95 kV and 95 µA for 
2,400 projections with an exposure of 0.216 s. CT scans were saved as 16 bit 
tiff stacks with isotropic voxel dimensions between 16 and 22 µm depending 
on bone size.

The gorilla (Gorilla gorilla, n = 38) and chimpanzee (Pan troglodytes, n = 32) 
specimens derive from the Powell Cotton Museum, Kent, UK. Age was estimated 
using dental eruption 101 and tooth formation stages using CT scans of the 
mandible 102. Body mass predicted from femoral head diameter following 
ontogenetic regression equations by Burgess et al. 75 [BMPan=exp(ln(FHD) × 
2.88–6.27); BMGorilla=exp(ln(FHD) × 3.08–7.14)].

The human calcanei used in this study are derived from two archeological con-
texts and have both been published previously (see ref. 20 for further details, n = 
26). Age was estimated by dental eruption and skeletal epiphyseal fusion using 
fusion times 78,103. Body mass in kilograms was estimated using age-specific 
femoral head diameter equations 104.

The human, gorilla, and chimpanzee specimens were scanned using an iden-
tical protocol with a Nikon XTH 225 ST HRCT laboratory scanning system at the 

University of Cambridge using energy settings optimized for the contrast between 
bone and air (125 kV, 135 µA, 1,080 views, 1,000ms exposure).

Calculating Neuromaturation of Human Locomotion. An equation to 
estimate neuromaturation of human locomotion was derived by Vaughan and 
colleagues (63). They show that non-dimensional scaling of velocity accounts 
for physical growth, yielding insight into the process of neuromaturation inde-
pendent of size. Neuromaturation of locomotion for age was calculated using the 
equation β = 0.45 × (1-e−0.05*t), where t = age in months and β is a dimension-
less value for neuromaturation of locomotion. As the neuromaturation equation 
was only derived for humans and would be unavailable in fossil taxa, we use 
percentage of average adult brain size as a proxy for neuromaturation as detailed 
below. Although the brain continues to develop after reaching its adult size, the 
experimentally derived measurement of neuromaturation is strongly linearly 
correlated with our estimate of percentage of adult brain size (R2= 0.98, P < 
0.001) despite both measurements were derived by completely different studies, 
authors, and datasets.

Estimating Percentage Adult Brain Size. Percentage brain volume for age in 
Japanese macaques was estimated by combining data from two studies 105,106 
and dividing by the average adult brain volume for a Japanese macaque 77,106 
105.6 cm3. We then used the following equation to predict percent adult brain 
size (PB) in macaques:

PBMacaca = 0.7417 × age0.0681

We used data from Cofran and Desilva (107) to calculate equations to estimate 
percentage of adult brain size for age in chimpanzees, gorillas, and humans. We 
used Q-Q plots to show that brain size development was best modeled using 
a logarithmic function in humans and a power equation in gorillas. However, 
neither of these were a good fit to the chimpanzee data. Instead, we used a 
composite equation where brain size was estimated using different equation in 
three age groups. The following equations fit the data best:

PBHomo = (212.94 × ln(age) + 859.1)/1,260
PBPan:
*0.5–2 y: −0.0504 × age2 + 0.322 × age + 0.3876.
*2–4 y: −0.015 × age2+0.145 × age + 0.6.
*4–15 y: 0.0454 × ln(age) + 0.8771.
PBGorilla = 0.8355 × age0.1462

Calculation of Trabecular Bone Properties. TIFF stacks derived from µCT were 
segmented into bone and non-bone using the maximum entropy method in 
ImageJ (108) and then imported into ORS Dragonfly [Object Research Systems 
(ORS) Inc, Montreal, CA (109)]. Next, the cortical shell was isolated and removed 
from the internal marrow cavity using the Kohler segmentation algorithm (110). 
This step involved manually adjusting a slider until the cortical shell was entirely 
selected. After these segmentation steps, ORS Dragonfly was used to automati-
cally calculate average bone volume fraction (bone volume/total volume, BV/TV) 
in the whole calcaneus.

Estimating Ontogenetic Variation in Calcaneus Loading Across Species. 
Trabecular bone structure is thought to adapt in ways that reduce strain in a 
bone caused by mechanical loading (3, 111–113). Strain energy is defined 
as the energy stored in a body due to deformation. Finite element analysis 
of the human calcaneus throughout stance during walking and running has 
shown that total strain energy is by far the greatest during push-off phase 
around 60 to 70% of stance (113). This total strain energy is the result of 
compressive joint reaction forces and tensile muscle forces which create a 
moment about the ankle joint (114). The joint reaction forces, moments, and 
total strain energy in the human calcaneus all reach their respective peak 
values during the toe off phase of stance (113). Analysis of this finite element 
data shows that total calcaneus strain energy is perfectly linearly correlated 
by the moment about the ankle joint during the propulsive phase of stance. 
There is a strong linear correlation between ankle joint moment and total 
strain energy (R2= 1.0) as well as joint reaction forces and the tensile force 
exerted by the Achilles tendon (R2= 0.97–0.99, SI Appendix, Supplementary 
information 3).

Terrestrial quadrupedal locomotion in primates is ‘hindlimb-driven’ with sig-
nificantly greater peak propulsive and vertical GRF being generated by the hind-
limbs compared to the forelimbs (115). Like humans, peak ankle joint moments 

http://www.pnas.org/lookup/doi/10.1073/pnas.2208772119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2208772119#supplementary-materials
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in terrestrial quadrupedal locomotion in chimpanzees 81,116 and macaques 76 
occur during the propulsive phase. Based on the data summarized in SI Appendix, 
Fig. S1, the greatest strain energy in the calcaneus would be expected to occur 
during ‘push-off’ when the hip, leg, and ankle extensors push off from the ground 
to propel the individual forward. Since trabecular bone density generally corre-
sponds to peak strain energy (3, 113), and the greatest strain energy density 
occurs at push-off when the calcaneus does not contact the ground, we expect that 
ontogenetic variation in trabecular bone density should correlate with age-related 
variation in peak ankle joint moment in species that use a heel strike gait (African 
apes) and those that do not (macaques).

Calculation of Ontogenetic Variation in Locomotor Kinetics Per Species. 
Data reflecting ontogenetic variation in locomotor kinetics were taken from the 
literature. The highest quality data were found for humans, some kinetic data 
were available for chimpanzees and Japanese macaques, but no kinetic data 
were available for gorillas. Three variables were used:

•GRF: The force exerted by the ground on a body in contact with it nor-
malized by body mass. The greatest GRFs occur in the vertical direction, but 
substantial forces can also be generated in the sagittal and coronal planes. 
The combination of all GRFs is the resultant force. All units in percentage of 
body mass (kg).

•FTI: The area underneath a force-over-time curve, which is equivalent to load-
ing during a single step rather than peak load. Units in percentage of body mass 
(kg) × stance time (seconds).

•Ankle joint moment: A measure of the force that can cause an object to rotate 
about an axis (%BW*moment arm length). We demonstrated above that peak 
ankle joint moment directly correlates with peak calcaneus strain energy during 
a step. Peak joint moment is a better proxy for age-related variation in ankle joint 
loading than GRFs as it incorporates age-related variation in moment arms and the 
kinematics of limb segment angles during propulsion. However, these variables 
are less straightforward to measure than GRFs and require kinetic and kinematic 
data to estimate (117). Units in percentage of body mass × moment arm length.

Humans. Dynamic foot loading data from 7,788 German children aged 1–13 
y of age were taken from an experimental study 80. Participants were assessed 
by walking at self-selected speeds. FTI for the whole foot and hindfoot from 80 
were age-matched to our historical sample (11 individuals aged between 1 and 
13). We collected peak ankle joint moments from a different study on growing 
children aged between 1 and 7 y of age 79. The ankle joint moments showed 
adult-like patterns in 5-y-old children onwards; therefore, these data were used 
to estimate peak ankle joint moment for our whole skeletal sample aged over 1 
y of age when locomotor onset occurs (n = 22).

Chimpanzees. Kimura 81 reported mean vertical, braking, and propulsive 
GRF components for subadult chimpanzees aged 1, 2, 3, 7, and 19 y old. 
FTI was calculated by multiplying mean GRF resultant by cycle duration. The 
relationship between age and FTI in this sample follows a linear exponential 
equation (FTIresultant = 0.2523*age0.1307, R2= 0.71, P < 0.05). We used this 
function to predict the FTI from age in our sample of chimpanzee calcanei. 
In addition, we also calculated the vertical moment generated about the 
ankle joint by the Achilles tendon using the following static calculation on 
the same dataset:

M = F*R,
where M is the ankle joint moment, F is the vertical GRF (in %BW) or FTI (in 

%BW*cycle duration), and R is the moment arm. Foot lever length (R) was esti-
mated from Fig. 2 in ref. 81 which illustrates typical walking postures for age. R 
was taken as the distance from the ankle joint to the tarsometatarsal joint. There 
are a few reasons to be cautious with this calculation. First, it uses the mean vertical 
GRF and FTI, while our human data use peak GRF. Second, during an actual step 
the moment arm (R) would change depending on the angle of the ankle and the 
location of the center of pressure. This essentially estimates a scenario where the 
mean GRF or FTI during a step is applied statically with the foot flat on the ground 
and a center of pressure just under the first metatarsal head. Therefore, these 
estimations do not directly correspond to peak ankle moments that are used for 
humans. The estimated ankle joint moments correlate strongly with age and are 
best predicted using exponential functions:

Ankle joint moment predicted from mean GRF = 3.0421*age0.0801, R2= 0.87, 
P < 0.03).

Ankle joint moment predicted from FTI = 6.003*age0.4536, R2= 0.99, P < 
0.003).

Using these equations, we predicted ankle joint moments based on age 
for our sample of chimpanzee calcanei, keeping in mind the caveats discussed 
above.

Japanese macaques. Kimura 76 reports age-related variation in peak GRF 
components and cycle duration in Japanese macaques. The sample includes 
three datapoints in the first 6 mo of age and then one point representing 
adults. The adults are quite old (2/3 in their 20 s) and may therefore not 
represent the average adult and the absence of datapoints in between means 
that patterns in the data will be highly sensitive to variation between indi-
viduals. As such it was not possible to fit a reliable equation to this dataset 
when including the adults. However, the data covering the first 6 mo of age 
are suitable and cover the period of most rapid locomotor development. 
We estimated peak ankle moment by multiplying peak GRF resultant by an 
estimation of lever arm length (0.5*estimated foot length). We then fit the 
following equations to the relationships between age and peak resultant GRF 
and peak ankle joint moment:

Peak resultant GRF = 0.3131*ln(age) + 2.292; R2= 0.986.
Peak ankle joint moment = 1.8538*ln(age) + 5.0443, R2= 1.
We used these equations to predict age-related variation in peak GRF and 

ankle moment in our sample of individuals aged between 2 and 6 mo of age 
(n = 5). We also used these equations to predict these variables for younger and 
older individuals keeping in mind that the equation was derived from very young 
individuals and few datapoints.

Statistical Analysis. Linear regressions and interactions between trabecular 
properties, age, brain maturation, and body mass were performed in R version 
4.0.2 using the lm() function 82. When comparing various regression models, 
the model with the lowest Akaike Information Criterion (AIC (118)) and highest 
R2 was chosen as indicating the highest model quality. Adding additional vari-
ables to a regression always increases the fit (R2) due to spurious correlations. 
This process is called overfitting and causes the model to learn too much from 
the data, resulting in poor predictive power for non-measured samples. AIC 
measures the degree to which a model is overfit with lower values indicating 
a greater model quality (118, 119). We ran piecewise regressions using the 
‘segmented’ R package (120) to investigate the presence of significant changes 
in slope of the relationship between age and trabecular structure. Piecewise 
regression is a useful technique for finding significant changes in slope in 
the relation between a dependent and independent variable. The technique 
uses dummy variables and an interaction term to split a linear regression 
into multiple segments. The least squares method is applied separately to 
each segment, by which the two regression lines are made to fit the dataset 
as closely as possible while minimizing the sum of squares of the differences 
between observed and predicted values of the dependent variable. We com-
pared models with two, one, or no break points and chose the model with 
the lowest AIC as the highest quality model. Alpha level was set to 0.05 for 
all statistical tests.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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