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Abstract
This research delves deeper into previous works on femoral cross-sectional
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properties during ontogeny by focusing for the first time on the human femo-
ral midneck. The ontogenetic pattern of cross-sectional properties at femoral
midneck is established and compared with those at three different femoral
locations: the proximal femur, the midshaft, and the distal femur. The study
sample includes 99 femora (70 non-adults and 29 adults) belonging to archaeo-
logical specimens. Cross-sectional properties were extracted from computed
tomographic scans and analyzed with the MomentMacro plugin of Image].
Ontogenetic trends of these variables were assessed using locally estimated

scatterplot smoothing and segmented regressions, along with Wilcoxon post
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hoc tests for all possible age group pairings. Our results show that the femoral
midneck exhibits a unique growth pattern. Area variables showed rapid
growth until adolescence, followed by a more gradual increase leading into
adulthood. Nonetheless, the relative cortical area does not demonstrate any
significant drops or rise during growth. The morphology of the midneck
section of the femur remains stable during ontogeny, with early adolescence
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Universidades trast to the femoral diaphysis, the acquisition of a mature bipedal gait does not
appear to constitute a period of significant morphological change at the femo-
ral midneck cross section.
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1 | INTRODUCTION that cause shape changes in bones (Beck et al., 1993).

The fact that bones change their shape in response to

Long bones serve as support columns and levers,
enabling the body to perform movements. Throughout
these movements, bones undergo a range of axial, trans-
axial, and rotary forces, leading to mechanical stresses

mechanical stress has been used extensively in anthropo-
logical literature to reconstruct and interpret intrapopula-
tional and interpopulational differences in behavioral
aspects and mobility levels of past human populations
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(Beck et al., 2001; Churchill & Formicola, 1997
Larsen, 1997; Lovejoy & Trinkaus, 1980; Ruff et al., 1993).
Given that the femur is a major weight-bearing bone, it is
the most investigated element for these questions. Most of
the studies cited above have focused on adult individuals,
demonstrating how the osteogenic response to high
mechanical loads results in increased bone deposition at
the periosteal surface, redistributing this newly formed
bone to areas where strains are believed to be highest
(Holt, 2003; Larsen, 1997; Richmond & Jungers, 2008;
Rodriguez et al., 2018; Ruff, 1987; Ruff et al., 2006;
Shackelford, 2007; Stamos & Weaver, 2020; Stock &
Pfeiffer, 2001, 2004; Trinkaus, 1997; Trinkaus &
Ruff, 2012; Wescott, 2006). Nonetheless, it is important to
note that due to the greater number and sensitivity of cells
involved in the modeling and remodeling process during
the growth period, non-adult bones are more responsive to
mechanical loading than adult bones (Enlow &
Hans, 1996; Pearson & Lieberman, 2004; Seeman, 2003).
Several studies have demonstrated that the developmen-
tal pattern of changes in femoral cross-sectional properties
(CSP) reflects changes in loading regimes associated with
the development of locomotor behavior (Cowgill
et al., 2010; Cowgill & Hager, 2007; Gosman et al., 2013;
Johnston & Cowgill, 2018; Osipov et al., 2016; Ruff, 2003a;
Ruff et al., 1994; Swan et al., 2020). Until early adolescence,
there is a net gain of cortical bone due to an excess of peri-
osteal apposition over endosteal resorption (Frisancho
et al., 1970). This newly formed bone is redistributed based
on changes in mechanical loadings caused by locomotor
development. During the first 6 months of life, infants can-
not move independently but progress from basic move-
ments like stepping and kicking to holding their heads
upright and sitting with support by around 5 months
(Adolph & Joh, 2007; Bly, 1994; Thelen & Fisher, 1982).
Between 6 months and the first year of life, infants partially
load their femurs as they achieve independent locomotion
through crawling or scooting, gain static balance to sit
unsupported, and often pull themselves to stand and cruise
while holding onto objects (Adolph et al., 1998; Bly, 1994).
From 1 to 2 years, individuals begin to walk independently
with an immature toddling gait, characterized by a wide
base of support, flexed hips and knees, and a forward-
leaning torso, which leads to short, unsteady steps taken at
irregular intervals (Forssberg, 1985; Hallemans et al., 2003;
Hallemans et al., 2006). Between 2 and 4 years, children's
walking gait improves significantly, becoming longer, nar-
rower, and more consistent, with a true heel strike at touch-
down as they transition to a more mature form (Adolph
et al., 2003; Hallemans et al., 2006; Ivanenko et al., 2004;
Zeininger et al., 2018). From 4 to 9 years, children develop
a mature bipedal gait, characterized by stable walking
mechanics, positive vertical acceleration of the center of

mass, and a femoral bicondylar angle approaching adult
values, with maturation occurring more gradually (Bril &
Breniére, 1993; Cowgill et al., 2010; Sutherland, 1997;
Tardieu & Damsin, 1997). At early adolescence, the adult
femoral configuration is already attained, with the femur
becoming strengthened along the anterior-posterior plane
(Cowgill et al., 2010; Gosman et al., 2013).

All of these studies focus on the femoral diaphysis, dem-
onstrating that the proximal and distal femoral diaphysis
are more sensitive to developmentally induced changes
than the femoral midshaft, highlighting the anatomical
specificity of the response to mechanical stress in different
femoral regions (Cambra-Moo et al, 2012; Goldman
et al., 2009; Gosman et al., 2013; Hubbell et al., 2011). Con-
sidering this variability in the response to mechanical stress,
the study of age-related changes from infancy to adulthood
of femoral neck CSP could be particularly important. Love-
joy (1988) showed that in humans, the thickness of the infe-
rior cortex of the femoral neck is markedly greater than of
the superior cortex presumably due to bipedal locomotion.
The axial compression generated by the action of the hip
abductors works together with the bending caused by the
force at the hip joint, leading to increased compression in
the inferior cortex and decreased tension in the superior
cortex (Demes et al., 2000). Thus, the femoral neck is a good
candidate to evaluate changes in CSP and their relationship
with change in modes of locomotion occurring during
development. However, as we know, there is little research
on this topic.

The main objective of this study is to explore how femo-
ral neck CSP changes during development in response to
locomotor development. As mentioned above, previous
studies have shown that femoral CSP exhibit marked
regional differences. Therefore, the ontogenetic trends of
femoral midneck CSP are compared with those at three dif-
ferent locations representing the distal, middle, and proxi-
mal sections. This approach provides a comprehensive
perspective of the entire bone, allowing for a more accurate
functional interpretation of the relationship between load-
ing regime and femoral CSP. Given that the femoral neck is
reinforced in the inferior cortex in adults, likely due to
bipedal locomotion, we hypothesize that significant changes
in the bending of this femoral location will occur during the
transition to mature bipedal locomotion, specifically
between the ages of 4 and 9 years, as adult form is acquired.

2 | MATERIALS AND METHODS
21 | Sample

The sample consisted of 99 femora (70 non-adults and
29 adults) belonging to an archaeological population
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from the cemetery at San Pablo Monastery (Burgos,
Spain) (SP) dated between the 14th and 18th centu-
ries, and now housed at the Laboratory of Human
Evolution (LEH) of University of Burgos (Garcia-
Gonzalez et al., 2024). Non-adult individuals with age
estimates below 2 years were excluded from the ana-
lyses because the femoral neck starts to develop at
this age (Ryan & Krovitz, 2006). The left or the right
femur was selected for analysis depending on preser-
vation. Femora with moderate bending modifications
due to pathological conditions such as rickets and
with postmortem damage or taphonomic alterations
were removed from the study to avoid features that
could influence CSP.

2.2 | Age estimation

In the case of non-adults, age at death was estimated
based on calcification and formation of dental crowns
and roots. The mineralization stages of each tooth
class were obtained by analyzing the 3D volume ren-
derings from CT scans. The developmental stages of
permanent dentition were scored using the method of
Demirjian et al. (1973) and were converted into age
according to the adjusted data for prediction pro-
posed by Liversidge et al. (2006). The method devel-
oped by Liversidge and Molleson (2004) was used for
deciduous dentition.

When no dentition was associated with the femoral
remains, age at death estimation was performed based
on a predictive regression analysis. For this purpose,
femoral diaphyseal length (FDL) was estimated based
on estimated dental age in a sample of 35 non-adult
individuals. These two variables were log-transformed
to avoid issues related to accelerated FDL growth dur-
ing ontogeny. We developed two regression models for
age predictions: inverse and classical calibration. In the
inverse model, dental age (dependent) was regressed
on FDL (independent). In the classic calibration model,
FDL (dependent) was regressed on age (independent)
(Table 1). We tested the performance of these two
models calculating the error of the estimations relative
to dental age. The model with the lowest overall bias

TABLE 1 Log-log classical and Model N
inverse calibration models used in this )

study for predicting age in the Spanish Classical 35
sample from maximum length of the Inverse 35

femur.

Note: Age in logl0 years.

was inverse calibration and, thus, we use this model to
predict age based on femoral length. We estimated age
from dentition in 50% of the non-adult sample (35 indi-
viduals) and from femoral length in the other 50%.

In adult individuals, age at death was estimated based
on pelvic changes related to aging using the Transition
Analysis 3 software (Ousley et al., 2020). The age range of
our sample spans from 2 to 30 years.

2.3 | Age groups

The non-adult sample was sorted into four groups
according to age categories. From 2.00 to 9.00 years,
the sample was sorted into two groups already used by
Swan et al. (2020). These groups are the “late toddling
group” (LT) consisting of individuals ranging in age
from 2.00 to 3.99 years, and the “maturing walking
group” (MW) comprising individuals aged 4.00-
8.99 years. From 9 years onward, children have already
acquired a mature gait. Thus, individuals older than
9 years were sorted into the age groups proposed by
Gosman et al. (2013). These age groups are related to
puberty and early adolescence (9.00-13.99) and late
adolescence (14.00-17.99). As we identified individuals
over 17.99 years presenting unfused femoral epiphyses,
we extend this age group up to 20.00 years. Although
Gosman et al. (2013) include individuals younger than
9.00 years, they did not classify the sample prior to this
age by locomotor stages but into age categories. As dur-
ing infancy and childhood individuals express a vast
repertoire of locomotor behaviors that impact femoral
CSP (Swan et al., 2020), we preferred to consider the
locomotor stages proposed by Swan et al. (2020) for
individuals younger than 9.00 rather than the age cate-
gories proposed by Gosman et al. (2013) for this age
range. Finally, individuals displaying fully fused epiph-
yses were considered and classified as adults.

In summary, we sorted our sample into five groups:
2.00-3.99 (representing late toddlers), 4.00-8.99 (repre-
senting maturing walkers), 9.00-13.99 (representing
puberty and early adolescents), 14.00-20.00 (representing
late adolescents), and adults. The distribution of the sam-
ple by age groups can be seen in Table 2.

Equation R? MSE/SEE
Age = (logFDL — 2.0755)/0.40128 0.79 1.46
Age = 1.9764 x logFDL-3.9504 0.79 1.14

Abbreviations: FDL, femoral diaphyseal length; MSE, mean standard error; SEE, standard error of estimate.
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Age Total Left

group Age range femora () femora (V)
1 2.00-3.99 14 8

2 4.00-8.99 21 13

3 9.00-13.99 18 7

4 14.00-20.00 12 5

5 Adults 29 12

2.4 | Cross-sectional extraction and

analysis

Computed tomographic (CT) scans of all specimens were
obtained using a YXLON Compact X-Ray industrial
multi-slice CT housed at the University of Burgos. Fem-
ora were aligned along the diaphyseal axis with the proxi-
mal epiphysis closest to the gantry. Scanner energy was
160 kV and 4 mA, slice thickness was collimated to
0.5 mm, inter-slice spacing was 0.5 mm, and field of view
was 18.52 cm, with a reconstruction interval of 0.5 mm.
The CT images were visualized using the Mimics™
(Materialise, NV., Belgium) software program.

Previous studies have noted that it is necessary to
make an adjustment of the percentages at which the
cross sections are extracted when analyzing unfused indi-
viduals due to effect of unfused epiphyses (Cowgill
et al., 2010; Gosman et al., 2013; Ruff, 2003a). As femora
undergo several changes in size and shape during ontog-
eny, the landmark-based approach described by Swan
et al. (2020) was used to limit intraobserver and interob-
server errors. Thus, cross sections at the femoral shaft
were extracted at 15%, 45%, and 75% in unfused femora
following Ruff (2003a, 2003b) and in 20%, 50%, and 80%
in fused femora measured from the distal end of the
femur. In this way, sections extracted at 15%/20% repre-
sent the distal diaphysis, those at 45/50% represent mid-
shaft and those at 75/80% represent the proximal
diaphysis. In fused femora, levels were calculated from
unfused biomechanical length following Trinkaus
et al. (2002a, 2002b), whereas in unfused femora, levels
were calculated from femoral intermetaphyseal length
following Cowgill et al. (2010) and Ruff (2003b). Because
the distal femoral epiphyses contribute more significantly
to the overall biomechanical length in fused femora, this
measurement aligns more closely with diaphyseal levels
in individuals whose distal femoral epiphyses are fused
(Ruff, 2003b).

Cross sections from the femoral midneck were
obtained once reorientating the femur on its own neck
axis (Figure 1). To do that, first we identified the neck
axis, which is determined by two points, one in the mid-
dle of the upper and lower margins of the neck—the

Right TABLE 2 Distribution of the
femora (N) archaeological sample used in this
study by age groups. Age ranges in
6 years.
8
11
7
17

midpoint of the vertical diameter of the neck—and
another in the middle of the maximum vertical diameter
of the metaphyseal surface (Bonneau et al., 2012). Then,
we calculated the midpoint of neck length as half the dis-
tance between the metaphyseal surface of the femoral
head edge and the intertrochanteric ridge taken along the
neck axis (McHenry & Corruccini, 1978; Ruff &
Higgins, 2013). As we included fused and unfused femora
in our study, we calculated this midpoint in fused
femora by identifying first the fusion line of the
femoral head.

Once we extracted and processed the cross sections,
they were analyzed with the MomentMacro plugin of Ima-
gel (Ruff, 2006). Following the recommendations of Sladek
et al. (2018), we derived the periosteal contours using auto-
matic processing and the endosteal contours manually. The
brightness and contrast levels of each scan were automati-
cally optimized using the Mimics™ (Materialize, NV.,
Belgium) software program. This procedure was made for
two reasons: to delineate the periosteal contour, which has
the most significant impact on the calculations of the sec-
ond moment of area (Sparacello & Pearson, 2010; Stock &
Shaw, 2007), and to obtain a gray scale between the mini-
mum and maximum density (air and cortical bone tissue,
respectively). The endosteal contour was defined using
points placed manually using digital tools in Image]. The
distance between the chosen points ranged from 4 to
9 pixels, depending on the cross section. Trabecular bone
made it particularly challenging to estimate the endosteal
contour, especially at the distal femur and the femoral mid-
neck (Figure 1). We adhered to the recommendations of
Ruff and Hayes (1983) and digitally removed the trabecular
struts. On the other hand, the inferior neck demonstrates a
clear section of cortical bone, but this is much less clear on
the superior aspect of the neck in both adults and non-
adults. To solve this and to ensure the continuity of the cor-
tical wall at femoral midneck cross section, we forced a
minimum of one pixel representing the cortex over the end-
osteal layer following Narra et al. (2013). Illustrations of
how we have extracted the different cross sections are pro-
vided in Figures 1 and 2.

CSP measured in this study include total subperios-
teal area (TA); cortical subperiosteal area (CA);
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FIGURE 1
landmarks used to extract the

(a) Location of

midneck cross section. Red point

1 represents the midpoint of the

vertical diameter of the neck,

and red point 2 represents the

midpoint of the vertical diameter (@) 2.
of the femoral head metaphyseal ' '
surface or femoral head when it
is fusing or fused. The red line
crossing points 1 and

2 represents the neck axis. Red
point 3 represents the
intertrochanteric ridge. The red
line between points 2 and 3 is
the neck length. (b) Illustration
of the protocol used to extract
the cross sections at femoral
midneck and femoral diaphysis
in unfused femora.

medullary cavity area (MA); relative cortical area per-
centage (%CA), second moments of area around the
diaphyseal medio-lateral (M-L) or neck antero-posterior
(A-P) axis (I,); second moments of area around the diaph-
yseal antero-posterior (A-P) or neck superior-inferior
(S-I) axis (I); maximum (I.) and minimum (Ipmin)
moments of area; I,/I,, and Iax/Imin; and theta (8). Areal
variables (TA, CA, MA, and %CA) were employed as
indicators of bone deposition and resorption. The rela-
tionship between maximum and minimum moments
(Imax/Imin) Was employed to delineate the cross-sectional
shape, and the relationship between moments of area
about the anatomical axes (I,/I,) was interpreted as a
rigidity index, as this ratio may not always accurately
reflect shape of the cross section (Carlson, 2005). Theta
was defined by Ruff (2008) as the orientation of maxi-
mum bending rigidity. Theta values (degrees) obtained
from MomentMacro presented both negative and positive
values. To facilitate the interpretation of this variable, we
used the absolute theta values. The axes used to calculate
theta differ between cross sections in the diaphysis and
the femoral neck because different anatomical planes
(i.e., AP and ML versus AP and SI, respectively) are used
as the reference axes in these locations.

2.5 | Statistical analysis

The data were analyzed in R studio version R 4.1.2
(R Core Team, 2021) following different approaches.

R WiLEY-L

Femoral midneck
@ Proximal femur

@ Midshaft
@ Distal femur

(b)

First, we examined the ontogenetic trends in CSP at
the different femoral locations. Initially, raw data
were fitted to a growth curve using a local regression
(locally estimated scatterplot smoothing [LOESS]).
This approach allows visualization and comparison of
overall patterns of biomechanical change during
ontogeny. We determined the most appropriate
smoothing parameter for each LOESS regression
using the paleoMAS package in R (Correa-Metrio
et al., 2012).

In some growth curves, a breakpoint was distin-
guishable. To estimate when changes in the growth
rate of the different variables with respect to age occur
in our data, we performed segmented regressions using
the “Segmented” package (Muggeo, 2003). Breakpoints
were automatically determined in a linear regression,
and significance was evaluated assessing p-values of
statistical tests for statistical significance. The alpha
value chosen for establishing statistical significance
was p < 0.05.

Second, summary statistics for each age group were
used to assess how ontogenetic changes in CSP reflect the
two different processes contributing to bone appositional
growth (deposition and resorption) across the age groups
established in this study. The Kolmogorov-Smirnov test
revealed that variables were not normally distributed in
any of the age groups. Consequently, differences in CSP
at each femoral location were compared between groups
using Wilcoxon post hoc pairwise comparisons applying
a Benjamini-Hochberg correction.
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FIGURE 2
slices in Mimics once the axis of orientation is reoriented.

3 | RESULTS

3.1 | Ontogenetic pattern of CSP at
femoral midneck and diaphysis

TA, CA, and MA increase with age at all four femoral
locations (Figure 3). Visual examination of the LOESS
fit lines suggests that at the femoral midneck, both TA

Masks Measurements Annotations

Neme  Visble Lowe.. High...

0 Objects Curves CADOb.. Soft tis..

Name Vi, Con... Transp, Q

< >

STls Polylines FEAMesh.. Smulaton..

Name Visble Con... Transp.

Contrast  Volume Rendering Clipping

24 1000 2000 3071

Customs¢ v |Min: | 773 | Max: | 2729

(a) Reslicing of the Mimics project with the axis of orientation along the femoral neck. (b) Femoral midneck cross-sectional

and MA exhibit a trend of rapid expansion starting
from the second year of life, while CA shows a more
linear growth trajectory. Significant breakpoints were
identified at 13.89 years in TA, at 13.10 years in CA,
and at 15.49 years in MA at the femoral midneck
(Table 3). The trends for these three CSPs are similar to
those observed at the distal femur but differ from those
at the proximal femur and midshaft. In these latter two
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cases, TA and CA show a trend of rapid expansion, linear growth pattern. Breakpoints for %CA are not statisti-
whereas MA shows a more linear growth trajectory. Seg-  cally significant at all femoral locations, except at the mid-
mented regression analysis (Table 3) reveals significant  shaft, where a significant breakpoint occurs at 17.25 years.
breakpoints at 15.52 years in TA, at 16.80 years in CA, and The growth curves regarding I../I,, Iyax/Imin, and theta
at 15.25 years in MA at the distal femur. At the midsection, can be seen in Figure 4. At femoral midneck, I/I,
the significant estimated breakpoint in TA is at 15.16 years, decreases slightly from 2 years until adolescence and

in CA is at 15.74 years, and in MA is at 12.74 years. At the then increases until adulthood. A significant breakpoint
proximal femur, we localized a significant breakpoint in TA in this ratio occurs at 17.10 years. I,/I, values remain rel-
at 16.03 years and at 15.89 years in CA. While at the femo- atively constant during ontogeny and until adulthood at
ral midneck and at distal femur, %CA is relatively constant, the proximal and the distal femur, while at femoral mid-
at the proximal femur and at midshaft, %CA presents a less shaft, I/I, showed a parabolic distribution. At the
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Femoral Breakpoint

location Variable (years) 95% CI

Distal femur TA 15.52 13.04-17.99
CA 16.80 13.76-19.85
MA 15.25 12.3-18.19
%CA 11.76 8.36-15.15
L/I, 12.58 9.00-16.15
Iax/Imin 6.74 5.48-8.00
Theta 22.00 14.14-29.89

Midshaft TA 15.16 11.63-18.69
CA 15.74 12.21-19.27
MA 12.74 8.01-17.46
%CA 17.25 10.59-23.91
L/I, 6.45 3.49-9.42
s/ Imin 3.49 1.43-5.55
Theta 8.32 5.37-11.27

Proximal femur TA 16.03 11.80-20.26
CA 15.89 13.17-18.61
MA 23 13.64-32.35
%CA 13.89 10.54-17.23
L/I, 4.49 0.11-8.88
Inmax/Imin 25.51 22.60-28.42
Theta 4.49 1.49-7.50

Midneck TA 13.89 11.27-16.50
CA 13.10 9.33-16.88
MA 15.49 12.27-18.72
%CA 22.91 15.75-30.07
L/, 17.10 14.12-20.07
I/ Imin 13.89 6.58-21.19
Theta 11.76 8.36-15.15

TABLE 3 Results from segmented
SE p-value regression analysis.
1.24 0.00
1.53 0.00
1.48 0.00
1.71 0.72
1.80 0.00
0.63 0.00
3.95 0.22
1.77 0.00
1.77 0.00
237 0.00
3.35 0.02
1.49 0.01
1.03 0.66
1.48 0.00
2.13 0.00
1.37 0.00
4.71 0.26
1.68 0.00
2.20 0.44
1.46 0.02
1.51 0.10
1.31 0.00
1.89 0.00
1.62 0.00
3.60 0.19
1.49 0.00
3.67 0.08
1.71 0.00

Note: Breakpoint estimates are displayed in years for each cross-sectional location and variable along with
95% confidence intervals (CI) standard error (SE) and p-value. Significant p-values are indicated in bold.

Abbreviations: CA, cortical area; MA, medullar area; TA, total area.

femoral midshaft, a statistically significant breakpoint
occurs at 6.45 years, while at the distal femur, one occurs
at 12.58 years. Therefore, the growth curve of I,/I, at the
femoral midneck shows a unique pattern only observed
at this femoral location.

On the other hand, at the femoral midneck, the proxi-
mal femur and the femoral midshaft, I,,./I i, remains
relatively constant during ontogeny. A significant break-
point is found at 25.51 at the proximal femur. At the dis-
tal femur, I ,../Ini, values decrease from 2 years until
adolescence, but then values remain constant thereafter.
A significant breakpoint regarding Ipn../Imin OcCcurs at
6.74 years in this femoral location.

At the femoral midneck, theta values remain con-
stant until the adolescent years, when values increase
until adulthood. A significant breakpoint occurs at
11.76 years in this femoral location. At the proximal
femur, theta increases from age 2 years until juvenility,
then decreases slightly during adolescence before ris-
ing again in the early twenties. At the femoral mid-
shaft, theta values increase also until juvenility and
then decrease until adulthood. A significant breakpoint
occurs at this femoral location at 8.32 years. At the dis-
tal femur, theta values increase slightly from age
2 years until early adulthood, after which they remain
constant.
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FIGURE 4 LOESS regressions for L/I,, Imax/Imin, and theta against age at all femoral locations. Age in years. Irayx/Imin—maximum
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ratio. Red lines are the LOESS fit lines. LOESS, locally estimated scatterplot smoothing.

3.2 |

diaphysis

Comparisons of raw CSP between
age groups at the femoral midneck and

Summary statistics comprising the mean and stan-
dard deviation (SD) for CSP divided by age groups

and femoral locations are displayed in Table 4.
Results obtained from Wilcoxon post hoc tests are
depicted in Table 5. Box-and-whisker plots of age
groups for TA, CA, MA, and %CA for each femoral
location are displayed in Figure 5 and for L/I, I,/
Inin, and theta in Figure 6.
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TABLE 4 Summary statistics for CSP for each age group and cross-sectional location. Statistics include mean and standard
deviation (SD).

Femoral location

Distal femur Midshaft Proximal femur Midneck
Variable Age group N Mean SD Mean SD Mean SD Mean SD
TA (mm?) 2.00-3.99 14 321.22 55.96 147.82 22.61 161.61 31.88 246.42 51.22
4.00-8.99 21 411.03 125.58 209.91 43.18 236.67 42.52 347.40 88.78
9.00-13.99 18 665.40 131.51 340.52 98.09 356.08 61.14 533.98 97.60
14.00-20.00 12 923.96 176.66 485.22 68.24 527.98 67.01 647.02 85.23
Adults 29 777.32 179.30 488.09 110.37 557.10 124.71 653.06 118.99
CA (mm?) 2.00-3.99 14 77.29 9.05 88.19 11.43 93.02 11.94 61.03 10.44
4.00-8.99 21 105.35 31.01 134.38 30.22 141.43 35.00 91.51 26.70
9.00-13.99 18 170.37 31.25 234.62 81.95 254.30 68.73 139.50 36.34
14.00-20.00 12 265.39 28.92 360.51 53.50 387.30 48.26 156.50 26.35
Adults 29 257.62 51.04 365.52 82.68 374.53 79.5 181.24 41.07
MA (mm?) 2.00-3.99 14 243.92 52.16 59.63 15.93 68.59 22.71 185.39 44.92
4.00-8.99 21 305.67 101.81 75.53 19.85 95.24 20.56 255.89 70.40
9.00-13.99 18 495.02 106.97 105.89 30.7 101.78 25.62 394.47 75.58
14.00-20.00 12 658.57 163.22 124.70 3343 140.68 33.36 490.51 80.15
Adults 29 519.70 152.46 122.56 41.31 182.57 70.79 471.82 108.51
%CA 2.00-3.99 14 24.56 4.20 60.17 6.68 58.45 6.56 25.23 4.37
4.00-8.99 21 26.09 4.04 64.01 5.73 59.38 7.30 26.53 4.99
9.00-13.99 18 25.86 3.00 68.26 7.09 74.05 17.21 26.11 4.68
14.00-20.00 12 29.31 4.32 74.39 5.34 73.50 4.06 24.36 3.92
Adults 29 33.91 6.97 75.06 5.57 67.68 7.32 28.22 6.73
L/I, 2.00-3.99 14 0.49 0.04 0.96 0.14 0.82 0.12 0.71 0.06
4.00-8.99 21 0.62 0.13 1.08 0.13 0.96 0.20 0.75 0.20
9.00-13.99 18 0.75 0.21 1.10 0.10 0.94 0.23 0.68 0.32
14.00-20.00 12 0.72 0.13 1.09 0.12 0.75 0.12 0.72 0.27
Adults 29 0.72 0.16 1.06 0.17 0.89 0.26 1.74 0.58
- 2.00-3.99 14 2.13 0.23 1.20 0.17 1.39 0.18 1.49 0.12
4.00-8.99 21 1.72 0.25 1.17 0.12 1.46 0.16 1.57 0.36
9.00-13.99 18 1.52 0.16 1.17 0.07 1.54 0.21 1.89 0.53
14.00-20.00 12 1.55 0.25 0.29 0.12 1.49 0.22 1.86 0.44
Adults 29 1.53 0.17 1.26 0.16 1.68 0.29 2.02 0.56
Theta (°) 2.00-3.99 14 6.50 5.92 40.70 22.66 25.51 11.45 49.71 8.94
4.00-8.99 21 8.56 10.86 60.35 21.96 42.28 19.90 46.04 9.08
9.00-13.99 18 19.19 23.54 64.51 19.13 42.97 18.92 43.05 5.21
14.00-20.00 12 13.07 14.09 61.12 18.67 18.23 14.30 56.45 6.18
Adults 29 12.02 8.20 50.40 22.44 34.90 19.39 76.82 6.31

Abbreviations: CA, cortical area; CSP, cross-sectional properties; MA, medullar area; TA, total area.

The results of the Wilcoxon post hoc tests indicate sig-  Regarding CA, we detected the same differences observed
nificant differences in TA at all the femoral locations in TA at the femoral diaphysis. At the femoral midneck,
between consecutive age groups up to late adolescence. we only detected significant differences between the first
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mean is indicated by a cross. %CA, relative cortical area percentage; CA, cortical area; MA, medullary area; TA, total area.

three consecutive groups. These results, along with the
trends observed in the summary statistics, suggest that
while adult CA values are reached in late adolescence at
all femoral diaphyseal locations, the increase in CA
at the femoral midneck is more gradual from adolescence
to adulthood.

Trends observed in MA are quite different to those
observed in TA and CA. At femoral midneck significant
differences in MA occurs between the first three consecu-
tive groups, as observed in CA. At the proximal femur,
MA increases significantly between the 2.00-3.99 and
4.00-8.99 age group, and between the 9.00-13.99
and 14.00-20.00 age group; thus, early adolescence seems
to be a transition phase in which MA growth is constant
at this femoral location. At the femoral midshaft, MA
increases significantly among age groups only until
puberty and early adolescence (9.00-13.99 age group). At
the distal femur, we only detected a significant difference

between the 4.00-8.99 age group and the 9.00-13.99 age
group. The femoral midneck differences among groups
regarding MA are similar to the differences that are pre-
sent at midshaft.

In terms of %CA, we detected several significant dif-
ferences at the proximal femur. Individuals under
8.99 years (late toddlers and maturing walkers) statisti-
cally differ from the other age groups, showing significant
less %CA. Regarding differences between consecutive age
groups, we detected significant differences between the
4.00-8.99 age group and the 9.00-13.99 age group and
between late adolescents and adults. At the femoral mid-
shaft, late toddlers (2.00-3.99 age group) showed signifi-
cantly lower %CA than the two adolescent groups and
adults, while maturing walkers (4.00-8.99 age group)
showed significantly lower %CA than late adolescents
and adults. We only found one period of significant
change between consecutive age groups at the femoral
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midshaft: the transition between the 9.00-13.99 age
group and the 14.00-20.00 age group. The femoral mid-
neck and the distal femur showed no periods of signifi-
cant change of %CA among consecutive age groups,
indicating a steadier %CA growth during ontogeny at
these femoral locations. Nonetheless, at the distal femur,
the adult group shows significantly higher %CA than the
other age groups except for late adolescents (14.00-20.00
age group).

Regarding I/I,, we only detected significant differ-
ences in the adult group at the femoral midneck. This
group shows significantly higher I./I, values when com-
pared with the other groups at this femoral location. At
the proximal femur, there is only a significant difference
in this ratio between maturing walkers (4.00-8.99 age
group) and late adolescents (14.00-20.00 age group). At
the femoral midshaft, we detected a significant difference
between late toddlers (2.00-3.99 age group) and early
adolescents (9.00-13.99 age group). At the distal femur,
late toddlers (2.00-3.99 age group) showed significantly
lower I,/I, values than the other groups. At this femoral
location, we also detected a significant difference

between maturing walkers (4.00-8.99 age group) and
adults.

The femoral midneck cross-sectional shape remains
relatively constant until adulthood; nonetheless, we
found a period of significant change between consecutive
age groups regarding In.x/Imin, and this is related to the
transition from maturing walking (4.00-8.99 age group)
to puberty and early adolescence (9.00-13.99 age group).
At the femoral midneck, we also detected significant dif-
ferences between late toddlers (2.00-3.99 age group) and
early adolescents (9.00-13.99 age group) and adults
and between adults and maturing walkers (4.00-8.99 age
group). At the proximal femur, we only detected signifi-
cant differences regarding the adult group, which shows
significantly higher I ../l values than individuals
under 8.99 years (late toddlers and maturing walkers). At
the femoral midshaft, we detected no significant differ-
ences among groups regarding I, /Inin- On the other
hand, I,ax/Imin values are significantly higher in late tod-
dlers (2.00-3.99 age group) than in other age groups at
the distal femur. At this femoral location, there is also a
significant difference between adults and maturing
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walkers (4.00-8.99 age group). We detected no significant
differences among consecutive groups at the femoral
midshaft and the proximal femur. This suggests that the
degree of circularity (midshaft) and ellipticity (proximal
femur) of these femoral locations remains relatively con-
stant during growth.

Regarding theta, we observed no differences among
groups at the distal femur. At the femoral midshaft, there
is a significant difference between early adolescents
(9.00-13.99 age group) and late toddlers (2.00-3.99 age
group). We observed a significant difference in theta
values among consecutive groups at the proximal femur,
related to the transition among the adolescent groups.
Nonetheless, we also detected a significant difference
between late adolescents (14.00-20.00 age group) and
maturing walkers (4.00-8.99 age group) at this femoral
location. Raw theta values indicate that the elliptical
cross section of the proximal femur is initially oriented
with its primary axis in an anterolateral position. How-
ever, during late adolescence, primary axis orientation
shifts to a more mediolateral position, before returning to
a more anterolateral position during adulthood. More-
over, significant differences are also found between
adults and the other age groups at the femoral midneck.
Late adolescents (14.00-20.00 age group) and maturing
walkers (4.00-8.99 age group) also showed significant dif-
ferences regarding theta. In this femoral location, theta
values remain relatively constant until adolescence,
showing values around 45°, and suggesting a more
superior-anterior/inferior-posterior orientation of the
cross section. In adults, values are well above 45°, indi-
cating a more superior-inferior orientation. Nonetheless,
we did not find differences among consecutive groups at
the femoral midshaft or the distal femur.

4 | DISCUSSION

The current study delves into changes in the femoral CSP
through ontogeny, focusing for the first time on the anal-
ysis of the femoral midneck. Previous studies have
focused on the development of CSP in the femoral diaph-
ysis during ontogeny, pointing out that femoral CSP
exhibit marked regional differences (Cowgill et al., 2010;
Goldman et al.,, 2009; Gosman et al., 2013; Swan
et al., 2020). Thus, the findings obtained in this study add
to the biomechanical and developmental interpretation
of this regional variability. Another important contribu-
tion of this work is that, while changes in diaphyseal CSP
have been well documented up to 9 years old, the non-
adult sample sizes beyond this age are generally small, or
there is a notable gap in age representation from about
9years old to 18 years old. In this sense, we have

expanded the sample size of non-adult individuals older
than 9 years, allowing us to more precisely investigate
changes in femoral CSP during adolescence. Examples of
femoral cross sections at different locations for each age
group can be seen in Figure 7.

The lack of significant differences between consecu-
tive groups suggests gradual growth, explaining why dif-
ferences appear mainly between non-consecutive age
groups. However, we have chosen to focus on significant
changes between consecutive groups, as these highlight
key moments of ontogenetic change.

TA, CA, and MA significantly increase at the femoral
midneck throughout ontogeny. However, from adoles-
cence onward, the changes in CA and MA are more grad-
ual, as we did not find significant differences between the
adolescent groups or between late adolescents and adults.
In TA and CA, we found significant breakpoints at this
femoral location that occur earlier compared with the
other diaphyseal locations, while the significant break-
point that occurs in MA is similar to that observed at the
distal femur.

We did not detect significant changes in terms of %
CA at the femoral midneck so relative cortical area
remains constant during ontogeny at this femoral loca-
tion, without any significant drops. This is unusual com-
pared with other femoral regions. Previous studies
reported that %CA has no mechanical significance
(Ruff, 2018; Ruff et al., 1994) and that body mass does
not influence this variable (Cowgill et al., 2023). Never-
theless, recent studies have utilized it as an indicator of
strength under axial compression (Cosnefroy et al., 2022;
Swan et al., 2020). Cowgill et al. (2023) identified a con-
sistent pattern in %CA at the femoral, humeral, and tibial
midshaft across various samples, showing high values at
birth, low levels in early childhood, and an increase dur-
ing later childhood and adolescence. Nonetheless, the
underlying reasons for this common pattern remain
unclear, as appositional growth is intricate and is influ-
enced not only by mechanical loads but also by hormonal
and nutritional factors (Bonjour et al., 2012; Gosman
et al., 2011). This is the first time the growth pattern of
the femoral midneck cross section has been described, so
we do not know if this relative stasis in %CA throughout
ontogeny is a common pattern across different samples.
As Cowgill et al. (2023) comment, to establish what is
“normal” for cortical bone growth, a large range of non-
adult individuals from different samples should be
compared.

Nonetheless, our results suggest that the femoral mid-
neck cross section is characterized by lower %CA and
greater superior-inferior bone deposition, which high-
light the longitudinal asymmetry of loading from the
most upper part to the most distal part of the femur. One
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FIGURE 7 Representative age group cross sections at each femoral section location. Individuals were chosen randomly. All femora are

from the right side. Age ranges in years.

possible explanation for this configuration is that a low %
CA in a cross section with a relatively large TA mini-
mizes bone deposition while maximizing strength
through maintaining periosteal size (Cowgill et al., 2023).
Thus, low %CA at the femoral midneck may be a conse-
quence of a large TA in this location. Our results support
this statement, as TA and MA continue to expand even
after CA growth has ceased.

On the other hand, until early adolescence and regu-
lated by the combined action of growth hormone
(GH) and the insulin-like growth factor (IGF-I), there is a
net gain of cortical bone due to an excess of periosteal
apposition over endosteal resorption (Frisancho
et al, 1970). During puberty, as sex hormones are
secreted, axial growth experiences an acceleration
(Seeman, 2004) and bone is deposited in both periosteal
and endosteal surfaces. Moreover, Ruff et al. (1994)
observed that the sensitivity of bone-forming surfaces to
increased mechanical loading changes during develop-
ment. In children and early adolescents, the periosteal
surface is the most responsive. However, after mid-

adolescence, the endosteal surface becomes more respon-
sive. Nonetheless, there are sexual differences in the
absolute and relative amounts of bone gained at these
two surfaces. This is due to the fact that while estrogen
inhibits, androgens enhance periosteal apposition
(Gosman et al., 2011; Veldhuis et al., 2006). As a result,
periosteal apposition is greater in males than in females
while endosteal apposition is greater in females than in
males (Frisancho et al., 1970).

While several authors have noted a medullary con-
traction during late adolescence in post-menarcheal girls
(Bass et al., 2002; Chevalley et al., 2011; Frisancho
et al., 1970; Garn, 1970; Macdonald et al., 2006), other
have not found it (Goldman et al.,, 2009; Gosman
et al., 2013; Kontulainen et al., 2005). Therefore, there
would be a possibility of finding this medullary contrac-
tion in our results if sex in non-adults had been esti-
mated. Nonetheless, estimating sex in non-adult
skeletons is problematic. While a variety of metric and
morphological methods have been developed to deter-
mine the sex of non-adult skeletons (Loth &
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Henneberg, 2001; Molleson et al., 1998;
Schutkowski, 1993; Stull et al., 2017; Stull & Godde, 2013;
Weaver, 1980), they generally yield poor accuracy when
applied to an external population mainly due to varia-
tions in the pattern and degree of sexual dimorphism
among different populations (Cardoso & Saunders, 2008;
Coqueugniot et al., 2002; Garcia-Gonzdlez et al., 2021;
Lamer et al, 2021; Scheuer, 2002; Sheridan &
Mittler, 1992; Sutter, 2003; Vlak et al., 2008). In the
pooled-sex sample, as the effects of estrogen and andro-
gens are differential, the decrease in medullary area in
females would offset the increase in total area in males
regarding the percentage of relative cortical area, mask-
ing sexual variation in the relative degree of endosteal
apposition. In summary, we believe that the contraction
of the medullary area is a crucial aspect that requires fur-
ther investigation to infer differential patterns of apposi-
tional growth between adolescent males and females in
past populations.

The developmental pattern of femoral midneck mor-
phology indicates that neck shape begins relatively ellip-
tical and becomes only incrementally more elliptical with
age. This is consistent with a previous study that reported
elliptical shape varies with size and increases as the
superior-inferior femoral neck diameter and cross-
sectional size increases (Zebaze et al., 2005). The femoral
midneck cross section has a unique developmental trajec-
tory in terms of shape. We detected only one period of
significant shape change (I,.x/Imin) between successive
age groups at the femoral midneck, and this is related to
early adolescence, in which the I;,./I i, ratio increases.
This increase is significant in early adolescents compared
with late toddlers and maturing walkers. By contrast, this
transition is not significant in any location along the fem-
oral diaphysis. Shape changes at the femoral midneck are
more noticeable during puberty and early adolescence
than at the femoral diaphysis, which can be related to
cross-sectional shape being mostly influenced by local
periosteal loads (Gosman et al., 2011). There is anatomi-
cal specificity of the response to changes in body size and
shape in other femoral regions undergoing more signifi-
cant changes in CSP than midshaft (Cambra-Moo
et al., 2012; Goldman et al., 2009; Gosman et al., 2013;
Hubbell et al., 2011). Considering that the midneck is
more susceptible than the midshaft to new mechanical
loads during adolescence and that the femoral neck is
influenced by a predominantly unidirectional (vertical)
pattern of weight transmission at the hip joint, leading to
concentrated loading stresses on the inferior side of the
femoral neck (Pina et al., 2012), it could better reflect
the changes related to body composition during puberty
and early adolescence. Thus, the significant change
observed during early adolescence in terms of shape may

be related to the adolescent growth spurt. During
puberty, significant hormonal changes and a rapid
increase in body size take place, leading to notable alter-
ations in body composition (Siervogel et al., 2003). These
changes are associated with an increase in height and
weight velocity, with approximately 25% of adult height
and 50% of adult body weight gained during adolescence
(Rogol et al., 2002). This significant shape change can
also affect femoral head size (Ruff & Higgins, 2013); allo-
metric growth during ontogeny; the femoral neck-shaft
angle, which has exhibited ongoing remodeling until the
age of 15 in previous studies (Carman et al., 2023; Pujol
et al., 2014, 2016); and pelvic configuration during ontog-
eny (Ruff, 1995). Nonetheless, the relationship between
changes in body proportions occurring during early ado-
lescence and the shape change occurring at the femoral
midneck during growth requires further investigation.
After adolescence, elliptical morphology remains
constant until adulthood at the femoral midneck, with
a superior-inferior reinforcement occurring in adults
and marking the second period of change: the transi-
tion from late adolescence to adulthood. This transition
is significant in terms of I,/I,, but not in terms of I,,y/
Imin. I/I, ratios remain near 1 throughout develop-
ment, reflecting dimensional equality, until a signifi-
cant rise is seen in adulthood. This is inconsistent with
the results obtained from the I../Inin ratio. Carlson
(2005) reported that the ratio of the second moments of
area around anatomical axes (I,/I,) does not necessar-
ily reflect the same characteristics of a cross section as
the ratio of the maximum to minimum second
moments of area (Iax/Imin). This arises from arbi-
trarily superimposing neutral axes without considering
the material of the cross section in the former case
(Carlson, 2005). In contrast, the maximum and mini-
mum second moments of area, defined by the material,
consistently indicate cross-sectional shape regardless of
bone alignment. Thus, the significant change in I,/I, at
the onset of adulthood should be interpreted as a shift
in the alignment of the major and minor axes of the
cross sections relative to the anatomical axes. This is
supported by the changes observed in theta. In late
adolescence, theta values increase slightly compared
with early adolescence, although this rise is not signifi-
cant. Nonetheless, the transition from late adolescence
to adulthood is significant. In adults, theta values are
close to 90°, indicating a superior-inferior direction of
the greatest bending. This may be related to pelvic con-
figuration changes, as pelvic dimensions and femoral
head diameters enlarge in width after skeletal maturity
and the cessation of longitudinal growth (Berger
et al., 2011). A wider pelvis, that is, an increased biace-
tabular breadth, further increases medio-lateral
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bending of the femoral shaft (Ruff, 1995), and thus,
likely also superior-inferior bending of the femo-
ral neck.

On the other hand, our findings primarily on diaphy-
seal CSP align with those previously proposed by other
authors, suggesting that the immature femur undergoes
changes in CSP to meet both the mechanical demands
due to the development of the locomotor behavior and
changes in body shape and size during adolescence
(Cowgill et al, 2010; Gosman et al, 2013; Swan
et al,, 2020). In contrast to the femoral diaphysis, the
acquisition of a mature bipedal gait does not appear to
constitute a period of significant morphological change at
the femoral midneck cross section, because we did not
find significant differences between late toddlers and
maturing walkers in terms of shape.

Regarding our initial hypothesis, our results suggest
that it should be rejected, as the main changes in bend-
ing, as signaled by the cross section of the mid-femoral
neck occur starting in adolescence, rather than between
ages 4 and 9 years, when mature bipedal locomotion is
acquired.

5 | LIMITATIONS

We are aware that there are some methodological limita-
tions in our study, many of which are inherent to studies
of archaeological populations. The first of these limita-
tions is related to the nature of the sample itself, which is
cross-sectional. This limitation may restrict the interpre-
tations that can be made regarding absolute value com-
parisons between successive age categories.

Second, dividing the samples into age cohorts based
on either chronological or dental age could potentially
affect the results. Females mature faster than males so
that at the beginning of puberty, their skeletons are
2years advanced to males (Bogin, 1994; Bogin
et al., 1992; Rogol et al., 2002; Tanner, 1978; Watts, 1986).
Moreover, delayed puberty may reduce periosteal apposi-
tion in males and endocortical apposition in females
(Seeman, 2001). Consequently, while late-pubertal males
have smaller bone, in terms of length and external diam-
eter, with a thinner cortex but normal medullary diame-
ter, late-pubertal females have larger bone with a thinner
cortex and larger medullary diameter (Seeman, 2001).
Indeed, sexual maturation stages instead of age are com-
monly used in clinical studies about this topic
(Kontulainen et al., 2005, Schoenau et al., 2001). Owing
to variations in the margin of error associated with the
two age at death estimations (derived from dental or fem-
oral development), these discrepancies could potentially
impact our results. Because teeth are less affected by
environmental factors than bones, age estimates based on
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these two indicators can often differ. Consequently, indi-
viduals whose age we estimated using femoral develop-
ment, due to the absence of dental remains associated
with the skeleton, may have experienced delayed puberty
affecting femoral growth. This could mean that some
individuals with delayed puberty were classified into
younger age groups than would be appropriate if their
age could be estimated based on dental development.

Lastly, an important aspect to consider is the effect
of nutrition in the gain or loss of bone. A previous study
on the SP sample has asserted that several individuals
show a delay in skeletal development probably due to
malnutrition and illness (Garcia-Gonzdlez et al., 2019).
Although the association between nutrition and bone
apposition has been extensively studied, it is still
unclear. Although several scholars have noted that mal-
nourished individuals show a reduction in relative levels
of cortical bone (Garn, 1970; Garn et al., 1964, 1969;
Hummert, 1983; Huss-Ashmore, 1981; Schug &
Goldman, 2014; Van Gerven et al., 1985), others have
pointed out that this reduction may be reflecting the
normal growth and modeling (Ruff et al., 1994). More-
over, Temple et al. (2013) proposed that reductions in
bone formation associated with malnutrition may be
masked by elevated levels of mechanical loading. Thus,
it seems likely that nutritional effects on bone formation
can be only detected analyzing age-specific growth
attainment: Well-nourished individuals attained greater
proportion of average adult cortical area than malnour-
ished individuals at the same age (Cowgill &
Hager, 2007). Given that our sample is cross-sectional, it
is likely that if any individual was affected by undernu-
trition, these values would be obscured within the rest
of the sample.

6 | CONCLUSIONS

In this study, we use CT imaging to evaluate changes
in CSP at the femoral midneck cross section during
ontogeny for the first time. Consistent with previous
studies, we confirm two crucial phases of change in
femoral CSP at this femoral location. The first period
(up to adolescence) is characterized by a fast increase
in TA, CA, and MA. Although the femoral midneck is
characterized by a faster increase in TA, CA, and MA,
it showed a steadier change in terms of %CA and shape
when compared with the femoral diaphyseal cross sec-
tions. The second period (from adolescence to adult-
hood) is characterized by shape changes, which may be
related to changes in mechanical loads and body
composition.

In sum, our findings unveil distinctive patterns in the
development of femoral CSP throughout infancy to
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adulthood, showing that the femoral midneck exhibits a
unique growth pattern. We strongly believe that the com-
prehensive analysis of these properties provides a unique
and valuable perspective that can significantly enhance
our knowledge of ontogenetic changes related to different
biological processes and variability in past populations.
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