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Discussion: Variation in cortical bone distribution and properties of the intermediate
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1 | INTRODUCTION

Extant great apes and modern humans use a range of hand postures
during positional (locomotor and postural) and manipulative behaviors
(e.g., Kivell et al., 2020; Schmitt et al., 2016), which have been suc-
cessfully linked to the morphological variation within great ape hands
(Bird et al., 2021, 2022; Dunmore et al., 2019; Dunmore, Bardo,
et al., 2020; Dunmore, Skinner, et al., 2020; Marchi, 2005;
Matarazzo, 2008, 2015; Tsegai et al., 2013). This form-function link
among extant taxa has been used to infer habitual manual activities of
fossil taxa, ranging from Miocene apes (Almecija et al., 2009; Almécija
et al., 2012; Susman, 2004) to fossil Homo sapiens (Bardo et al., 2020;
Kivell et al., 2022; Stephens et al., 2018). Recent discoveries of homi-
nin hand fossils have revealed mosaic morphologies suggesting hand
use during both arboreal locomotion and dextrous manipulation
(Dunmore, Skinner, et al., 2020; Kivell et al., 2015, 2018). Notably, the
manual intermediate phalanges within the hominin fossil record show
a mix of primitive and derived morphologies that suggest a diverse
range of manual behaviors during the evolution of the hominin hand
(Alba et al., 2003; Haile-Selassie & WoldeGabriel, 2009; Kivell
et al., 2015, 2018, 2020; Larson et al., 2009; Napier, 1962; Susman &
Creel, 1979). Functional inferences regarding manual behaviors of
these fossil specimens have been made using elements of the carpus
(Kivell et al., 2013; Marzke et al., 2010; Tocheri et al., 2007), the meta-
carpus (Dunmore, Skinner, et al., 2020; Galletta et al., 2019; Skinner
et al, 2015) and the phalanges (Almécija et al., 2010; Kivell
et al., 2015, 2018, 2022; Syeda et al., 2022), but the intermediate pha-
langes are relatively understudied. Here we build on our previous
work (Syeda et al., 2023) and investigate variation in cortical bone
structure of the intermediate phalanges of digits 2-5 (IP2-1P5) within
the context of inferred hand use in humans and other extant hominids
(Pongo, Gorilla, and Pan). We also conduct intra-digit comparisons of
both the proximal and intermediate phalanges and discuss how the
combined cortical structure of these two elements may reflect func-
tion of the fingers during manual behaviors.

Phalangeal external morphology, as well as the internal bone
structure, have been shown to be functionally informative (Jungers
et al, 1997; Karakostis et al., 2018; Matarazzo, 2008; Patel &
Maiolino, 2016; Susman, 1979; Syeda et al., 2023). The structure of
both cortical and trabecular bone can adapt in response to mechanical
loading by removing bone in skeletal areas where stress is low and
adding bone where stress is high (Barak et al., 2011; Currey, 2013;
Pearson & Lieberman, 2004; Ruff et al., 2006) as well as by changing
the orientation and alignment of the trabecular struts (Barak
et al.,, 2011; Pontzer et al., 2006). Preserved cortical and trabecular
architecture of fossil specimens of different limb elements has been
used to infer locomotor behavior and manipulative activities
(e.g., Cazenave et al., 2019; Chirchir, 2019; Dunmore, Skinner,
et al., 2020; Georgiou et al., 2020; Ruff et al., 2016; Skinner
et al,, 2015; Su & Carlson, 2017; Zeininger et al., 2016; see also the
review in Cazenave & Kivell, 2023). These behavioral reconstructions
rely on understanding the relationship between bone structure and

known behaviors of extant taxa.

1.1 | External morphology of the intermediate
phalanges

Among great apes, external morphology of the intermediate phalanges
is variable in the degree of longitudinal curvature, shape of the base,
shaft, and trochlea, as well as a suite of morphological features on the
palmar surface (Marzke et al., 2007; Patel & Maiolino, 2016;
Susman, 1979; Syeda et al., 2021). These palmar morphological fea-
tures include a median bar, lateral fossae, and the flexor sheath ridges
(FSRs) (Figure 1). The median bar typically runs along the length of the
palmar shaft with lateral fossae on either side and that are bounded
by the FSRs (Marzke et al., 2007; Susman, 2004). The lateral fossae of
the intermediate phalanges are traditionally thought to be attachment
sites for the flexor digitorum superficialis (FDS) muscle (Marzke
et al., 2007) and the size, depth and shape of these are quite variable
across great apes (Susman, 1979) and throughout the fossil hominin
record (Alba et al, 2003; Bush et al, 1982; Haile-Selassie &
WoldeGabriel, 2009; Kivell et al, 2015, 2018, 2020; Larson
et al, 2009; Napier, 1962; Pickering et al., 2018; Susman &
Creel, 1979; Ward et al., 2012). The relative size and overall morphol-
ogy of these fossae have been used to make functional inferences
regarding the locomotion of fossil hominins (Bush et al., 1982;
Day, 1978; Ricklan, 1987; Stern & Susman, 1983; Susman, 1979;
Susman & Creel, 1979; Susman & Stern, 1979; Tuttle, 1981). The
deep lateral fossae of Australopithecus afarensis and Australopithecus
africanus intermediate phalanges have been interpreted as evidence
of efficient power grasping, which would have allowed them to
engage in climbing and suspensory locomotion despite having short
fingers, with A. africanus also potentially participating in tool using
activities (Ricklan, 1987; Stern & Susman, 1983; Susman et al., 1984).
Similar inferences have been made for the intermediate phalanges of
the OH 7 Homo habilis hand (Susman & Creel, 1979). While these pre-
vious studies have linked FSR morphology to the size and use of the
FDS muscles, there is a lack of evidence linking the morphology of
muscle attachment sites and the size of the muscle (Shrewsbury
et al., 2003; Williams-Hatala et al., 2016; but see Karakostis
et al., 2017). Furthermore, as the morphology of the intermediate pha-
langes is understudied, the functional implications of the variation
observed in FSR morphology and the palmar median bar have

remained relatively unexplored.

1.2 | Functional morphology of the intermediate
phalanges

To date, only two studies, of which we are aware, have directly inves-
tigated the biomechanical and behavioral implications of palmar pha-
langeal morphology (Marzke et al., 2007; Nguyen et al., 2014). In a
comparative anatomical study of primate intermediate phalanges,
Marzke et al. (2007) showed that the FDS tendon does not exclusively
insert onto the lateral fossae and, when it does, it does not occupy
the whole fossa. Instead, the FDS tendon mainly inserted onto the

FSRs at varying distances from the base, with the fibers running
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Surface models derived from micro-CT scans of proximal and intermediate phalanges of digits 2-5 from (a) Pongo pygmaeus,

(b) Gorilla gorilla, (c) Pan troglodytes, and (d) Homo sapiens showing variation in external morphology. External morphological features are labelled:
1: Palmar median bar, 2: Lateral fossae, and 3: flexor sheath ridge. (e) Proximal and intermediate phalanges of the third digit in the ulnar view to

demonstrate variation in longitudinal curvature across the sample.

towards different aspects of the palmar shaft (Marzke et al., 2007).
The length of the lateral fossae also did not predict the cross-sectional
area or length of the FDS tendon, concluding that the development of
this external morphology cannot be explained by the FDS tendon
attachments or the stresses associated with FDS muscle activity
(Marzke et al., 2007). An alternative explanation of lateral fossae
development proposed by Marzke et al. (2007) is that the lateral fos-
sae could be a by-product of the median bar thickening and develop-
ing anteriorly in response to loading. This hypothesis is consistent
with Begun et al. (1994) study of the pedal intermediate phalanges
of Proconsul in which they posited that the palmar median bar
reflects dorsopalmarly directed bending stresses that accompany the
contraction of the power digital flexor muscles and substrate reac-
tion forces. In contrast, Walker et al. (1993) suggested that the

palmar median bar could form as a result of the lateral fossae exca-
vations, however, this hypothesis requires a functional explanation
for the hollowing out of the palmar phalangeal shaft. While Marzke
et al. (2007) focused on the shape and size of the lateral fossae, they
did not explicitly explain or address the functional role and morphol-
ogy of the FSRs. The work of Nguyen et al. (2014) sheds light on the
biomechanical importance of the FSRs in the proximal phalanx of
hylobatids. Using 3D microfinite element modeling, they showed
that the larger FSRs experienced higher peak strains and were asso-
ciated with lower peak strains on the palmar shaft, suggesting that
taller FSRs helped to reduce the strain experienced by the palmar
shaft (Nguyen et al., 2014). If the same is true for intermediate pha-
langes, this may help to explain variation in FSR development across

hominoid taxa.
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Variation in hominoid external intermediate phalangeal shape,

especially regarding phalangeal curvature, FSR morphology and soft
issue anatomy, make functional interpretations in extant and fossil
phalangeal form challenging. However, exploration of internal bone
structure may provide more direct information about finger use. To
date, only three studies have investigated the functional relationship
between the internal bone morphology of intermediate phalanges and
hand use behaviors (Doden, 1993; Matarazzo, 2015; Stephens
et al., 2018). Doden (1993) showed that the intermediate phalanges
of modern humans have thinner cortical bone towards the distal end,
with overall thicker cortical bone on the dorsal surface of the phalanx
and the midshaft having the highest density of bone. Matarazzo
(2015) and Stephens et al. (2018) studied the trabecular structure of
catarrhine and modern human phalanges, respectively, and noted a
functional link between manual behaviors and the orientation and vol-
ume of trabecular bone.

We previously explored cortical bone distribution patterns and
properties in the proximal phalanges of digits 2-5 (PP2-PP5) in extant
great apes and showed that the pattern of cortical bone within the
non-pollical proximal phalanges is capable of distinguishing varied
hand postures employed by each taxon and corresponds with pre-
dicted loading during these hand postures (Syeda et al., 2023). Results
also indicated that cortical bone patterns and properties reflect the
variable digital loading within the hand of each taxon (Syeda
et al., 2023). Here, we build upon this research and provide the first
detailed, comparative study of the cortical morphology of extant hom-
inid intermediate phalanges in digits 2-5. We examine cortical bone
distribution patterns and cortical robusticity via cross-sectional geom-
etry (CSG) in the phalangeal shaft to test whether these cortical prop-
erties reflect predicted loading differences during manual behaviors.
We then discuss the cortical bone morphology of the intermediate
phalanges alongside the proximal phalanges to provide a more holistic
insight into the relationship between phalangeal morphology and

hominid hand use.

1.3 | Predictions
1.3.1 | Inter-specific comparisons of cortical bone
structure

We predict cortical bone distribution patterns will differ among the
extant great apes, reflecting the presumed loading associated with
the typical hand postures employed by each taxon. Pongo locomotor
repertoire is dominated by suspensory, arboreal behaviors
(Hunt, 1991; Thorpe & Crompton, 2006; but see Sarmiento, 1988;
Susman, 1974; Tuttle, 1967) in which the hand wraps around the sub-
strate using flexed-finger postures. We predict that the intermediate
phalanges of Pongo will display a pattern of thick cortical bone on the
midshaft-to-distal palmar surface, as the flexed finger posture of the
phalanges will result in joint and substrate reaction forces that will
load the phalanx in compression dorsally and tension palmarly, with
the FSRs and longitudinal curvature of the phalanx helping reduce

overall strain experienced by the shaft (Nguyen et al., 2014,
Preuschoft, 1973; Richmond, 2007).

The African apes (Gorilla and Pan) most often engage in knuckle-
walking (on average ~90% of time spent locomoting, but this can vary
substantially across groups and individuals; Hunt, 2020) and, less
often, in arboreal behaviors (Doran, 1996, 1997; Hunt, 2020;
Remis, 1998; Schaller, 1963; Tuttle & Watts, 1985). During knuckle-
walking, the intermediate phalanges contact the substrate with the
dorsal surface, the metacarpophalangeal (McP) joint is hyperextended,
the PIP joint is hyperflexed, and the DIP joint is flexed (Inouye, 1994;
Matarazzo, 2013; Thompson, 2020; Thompson et al., 2018;
Tuttle, 1967). We predict Gorilla and Pan will share a similar pattern of
cortical bone distribution, with an overall thick phalangeal shaft due
to ground reaction forces being dissipated on the dorsal surface and
large compressive forces from supporting body mass during knuckle-
walking (Matarazzo, 2015; Wunderlich & Jungers, 2009).

Modern humans primarily use their hands for manipulation,
employing power grips frequently, as well as power squeeze grips and
precision grips between the finger pads and thumb (Dollar, 2014; Feix
et al,, 2015; Zheng et al., 2011). These grips most often result in flex-
ion at the fingers, which will result in compressive and bending stres-
ses on the dorsal surface of the relatively straight phalanges
(Doden, 1993; Marzke, 1997; Preuschoft, 1973; Zheng et al., 2011).
As such, we expect humans to have the thickest cortex on the dorsal
surface of the phalanx.

Along with differences in cortical distribution patterns, we predict
there will be differences in cortical thickness values across the pha-
lanx and cross-sectional geometric (CSG) properties across the taxa. It
is predicted the African apes will have relatively thicker mean cortical
thickness and higher cross-sectional properties compared to Pongo
and H. sapiens. Pongo will display cortical bone thickness and proper-
ties that are intermediate between the African apes and modern
humans, as the gravitational forces associated with below-branch
manual postures will be distributed across all three phalanges in each
digit and thus loads experienced directly by the intermediate phalanx
will be lower than those incurred during knuckle-walking. Human
intermediate phalanges are predicted to have the thinnest cortices
and weakest CSG properties compared to the other taxa, as the lower
loads experienced during manipulation are predominant in humans
and loading during locomotion is likely to be negligible in the human

sample used in this study.

132 |
structure

Intra-specific comparisons of cortical bone

Given differences in loading among the digits during habitual hand
postures, we also predict that cortical bone distribution, mean thick-
ness and CSG properties will differ across the digits within each taxon.
Within the African apes, captive Gorilla has been observed to load its
digits 2-5 more evenly (but see Thompson et al., 2018) compared to
captive Pan, which is more variable in its positional behavior
(Doran, 1996; Doran & Hunt, 1996; Hunt, 1992; Inouye, 1994;
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Matarazzo, 2013; Sarringhaus et al., 2014; Tuttle, 1969). Generally, in
Pan digits 3 and 4 experience the greatest loads and digit 5 sometimes
does not even touch down while knuckle-walking (Matarazzo, 2013;
Samuel et al., 2018; Wunderlich & Jungers, 2009). Thus, Gorilla is pre-
dicted to have similar cortical bone distribution and properties across
digits 2-5 while Pan is predicted to be more variable with greater cor-
tical bone thickness and properties in the third digit (Samuel
et al., 2018; Wunderlich & Jungers, 2009). In Pongo, cortical distribu-
tion, mean thickness and CSG properties are expected to be similar
across the digits since Pongo is thought to typically use all four fingers
in a similar manner during arboreal grasping (Rose, 1988; but see
McClure et al., 2012). Within modern humans, we expect digit 2 and
3 to have thicker cortices and stronger CSG properties than digits
4 and 5 as experimental studies have shown greatest loads are experi-
enced by the radial digits during modern human grasping
(Cepria-Bernal et al., 2017; De Monsabert et al., 2012; Sancho-Bru
etal, 2014).

1.33 |
phalanges

Comparison of proximal and intermediate

We expect to observe similar relative patterns and interspecific differ-
ences in cortical morphology of the intermediate phalanges that we
did in the proximal phalanges (PPs) (Syeda et al., 2023). Specifically,
we expect Pongo and H. sapiens to show similar patterns between
their respective IPs and PPs, while African apes will show greater dif-
ferences between their phalangeal elements due to direct loading of

the IPs during knuckle-walking.

2 | METHODS

21 | Sample

This study included high resolution micro-CT scans of intermediate
phalanges of modern H. sapiens (n = 23 individuals, including recent
and early modern specimens), Pan spp. (n = 23 individuals), Gorilla
gorilla (n = 22 individuals), and Pongo pygmaeus (n = 6 individuals) for
manual digit 2 (h =56 elements), digit 3 (n = 62 elements), digit
4 (n = 64 elements), and digit 5 (n = 53 elements) (Table 1). Non-
human specimens were adult wild-shot individuals with no indication
of pathologies and included associated intermediate phalanges (IP) of

digits 2-5 from a single hand. The human sample consists of adults

TABLE 1 Summary of the sample included in the study.
Taxon N 1P2 IP3 P4 IP5
Homo sapiens 23 15 19 18 1
Pan paniscus 6 6 5 6 5
Pan troglodytes 17 11 13 15 14
Gorilla gorilla 22 18 19 19 16
Pongo pygmaeus [ 6 6 6 5

e WILEY_| o2

from pre-industrial (n = 6) and post-industrial (n = 7) modern human

populations, as well as nine fossil H. sapiens specimens (further detail
on populations and fossil specimens are provided in Table S1). The
majority (74%) of our human sample did not have all four associated
digits and therefore we assigned phalanges to a digit using morpho-
logical characteristics described in Susman (1979) and Case and Heil-
man (2006). For individuals in our sample that had associated PPs (see
Syeda et al., 2023), we compared cortical distribution and properties
with the IPs.

2.2 | MicroCT data collection

Specimens were scanned using a BIR ACTIS 225/300, Diondo D3 or
Skyscan 1172 scanner housed at the Department of Human Evolu-
tion, Max Planck Institute for Evolutionary Anthropology (Leipzig,
Germany), a Nikon 225/XTH scanner at the Cambridge Biotomogra-
phy Centre, University of Cambridge (Cambridge, UK), or with the
Diondo D1 scanner at the Imaging Centre for Life Sciences University
of Kent (Canterbury, UK). The scan parameters included acceleration
voltages of 100-160 kV and 100-140 pA using a 0.2-0.5 mm copper
or brass filter. Scan resolution ranged between 0.018 and 0.044 mm
depending on the size of the bone. Images were reconstructed as
16-bit TIFF stacks. All scans were cleaned (i.e., the removal of soft tis-
sue or other non-bone material) and reoriented into a standard ana-
tomical position using Avizo Lite 9.0.0 (Visualization Sciences Group,
SAS). These scans were then segmented using medical image analysis

(MIA), a clustering algorithm method (Dunmore et al., 2018).

2.3 | Analysis of cortical bone structure

The R package morphomap (Profico et al., 2021) was used to quantify
cortical bone structure distribution and CSG properties. To prepare
the data for analysis, we used Medtool v 4.5 (www.dr-pahr.at/
medtool; Gross et al., 2014; Tsegai et al., 2013) on the original and
MIA segmented scans, to define the inner and outer layer of cortical
bone in the segmented scans. The protocol identified the external and
internal border by casting rays in 3D and used morphological filters to
fill the bone, which resulted in masks of the outer and inner region of
cortical bone. These masks were converted into smooth external and
internal surfaces for processing in morphomap using an in-house
script for Paraview v 4.4 and Meshlab v 2020.03.

Prior to analysis, we extracted a region of interest (ROIl) from the
inner and outer surfaces that defined the phalangeal shaft in all taxa.
This ensured that the cortical region analyzed was homologous across
the morphologically variable phalangeal shafts of the hominid sample.
The ROI was defined distally by the proximal end of the trochlea and
proximally by the distal end of the base. Cortical morphology was
quantified using the R package morphomap (Profico et al., 2021) and
the methodological steps and parameters applied were following
Syeda et al. (2023). Briefly, 97 cross sections were extracted between
2% and 98% of the length of the ROl at 1% increments and 50 equian-
gular semi-landmarks were placed on each cross-section to capture
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the morphologically complex shape of the phalangeal shaft (Figure 2).

To define these landmarks, rays were sent from the centroid of each
cross-section outward, with cortical thickness calculated as the length
of the segment between the landmarks placed on the internal and
external outline. Morphometric maps of cortical bone distribution
were used to visualize cortical bone distribution patterns for each
individual. Mean morphometric maps were also created to visualize
the overall pattern of cortical bone distribution of each digit within
each taxon. To compare cortical thickness between the dorsal and pal-
mar shaft, equiangular semi-landmarks were defined that excluded
those placed on the flexor sheath ridges, that would bias measure-
ments, and a ratio of dorsal to palmar mean cortical thickness was

calculated.

24 | External morphological features

External morphological features (i.e., FSRs, median bar and phalangeal
curvature depicted in Figure 1) of the intermediate phalanx were
quantified to explore the potential relationship between external form
and internal cortical architecture. We quantified phalangeal curvature

FIGURE 2 Images showing the
steps taken in morphomap for
cortical bone analysis in a human
third intermediate phalanx.

(a) External (gray) and internal (red)
3D surface model of the phalanx,
(b) cut external and internal surfaces
defining the ROI for input into
morphomap, (c) cross-sections
placed in 1% increments along the
shaft to calculate cortical thickness
with the dotted black lines
indicating the cross-sectional levels
at which cross-sectional properties
were assessed, and (d) cross-
sections at 35%, 50%, and 65% of
the phalanx, depicting the
landmarks placed on the external
and internal outline.

using the included angle method (Stern et al., 1995). The size of the
median bar and FSRs was quantified using 3D metric measurements
(Avizo Lite 9.0.0, Visualization Sciences Group, SAS). The size of the
median bar was quantified from the palmar most protruding part of
the bar to the palmar shaft (Figure S6). The size of the FSRs was quan-
tified by measuring its depth (tallest point of the ridge to the palmar
shaft) and its proximodistal length. The relationship between FSR and
median bar morphology was only quantified in the IP3s of our sample.

2.5 | Cross-sectional geometry

Cross-sectional geometric properties quantifying the strength and
rigidity of the phalangeal shaft of great apes were calculated across
the shaft using morphomap (Profico et al., 2021). We analyzed cortical
area (CA; measure of compressive and tensile strength), polar
section modulus (Z,,; measure of maximum bending strength), and
polar moment of area (J; a measure of bending and torsional rigidity)
at 35%, 50%, and 65% of the phalangeal length (Figure 3) to quantify
variation in cortical bone strength properties across the phalangeal
shaft.
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2.6 | Statistical analysis

Cortical bone thickness values, CSG properties, and metric measure-
ments of the palmar shaft morphology were scaled by the inter-
articular length of the phalanx. We also scaled our data by a geometric
mean of several measurements of phalanx size, which yielded the
same overall results. Thus, we chose to use phalangeal length alone to
scale our data due to its direct relationship with bending stresses.
First, to investigate cortical bone distribution patterns across the taxa,
a principal component analysis (PCA) was conducted on the cortical
thickness values of the entire shaft using R function prcomp. The PCA
extremes were calculated from the results of the PCA, with the load-
ings at +2 standard deviations for each PC axis added to the mean
morphometric map at each cell. Following the PCA, an omnibus per-
mutational multivariate analysis of variance was conducted on the
first three PC scores to test if these cortical bone distribution patterns
were significantly different across the taxa. If results were statistically
significant (p < 0.05), a pairwise one-way permutational multivariate
analysis of variance with a Bonferroni correction was used to deter-
mine significant differences between the groups.

Second, to test for differences in cortical bone thickness of the
shaft, mean differences were compared inter- and intra-generically
using Kruskal-Wallis and post hoc Dunn tests. Wilcoxon signed-rank
tests were conducted on the mean palmar and dorsal cortical
thickness values to test whether they statistically differed. Regression
analyses were used to assess whether a statistically significant rela-
tionship exists between cortical thickness of the shaft and degree of
phalangeal curvature, as well as between cortical thickness and
median bar height.

Additionally, each cross-sectional property (CA, Z,, and J) was
analyzed at each cross-section (35%, 50%, and 65%) to test for inter-

and intra-generic mean differences using Kruskal-Wallis and post hoc

Dunn tests. Further intra-generic testing evaluated mean differences
in cross-sectional properties (CA, Z,,;, and J) within a phalanx at the
different cross-sectional levels (35%, 50%, and 65%) using a Kruskal-
Wallis test, followed by a post hoc Dunn test.

Finally, we compared cortical morphology of the intermediate
phalanges with associated proximal phalanges, analyses of which were
reported in our previous study (Syeda et al., 2023). The same data col-
lection protocol was used to quantify cortical thickness in both the
intermediate and proximal phalanges to ensure comparable results.
We used Wilcoxon signed-rank tests to evaluate intra-generic mean
differences in cortical thickness and cross-sectional properties
between proximal and intermediate phalanges. We tested whether
the mean cortical thickness of proximal and intermediate phalanges
was significantly different across digits 2-5 of each taxon. The same
tests were conducted for each cross-sectional property at each cross-
section as well.

All statistical analysis was performed in R (v 4.1.3) and packages
RVAideMemoire (v 0.9-79 Hervé, 2022), Stats (R Core Team, 2021),
Vegan (v 2.5-7 Oksanen et al., 2020), and FSA (v 0.9.3 Ogle
et al., 2022) were used.

3 | RESULTS

3.1 | Cortical bone distribution pattern and
thickness

Mean morphometric maps of cortical bone distribution patterns in
IP2-5 for each taxon are shown in Figure 4 and mean thickness data
are presented in Table 2. Below we describe in detail the cortical bone
distribution patterns and variation in scaled mean cortical thickness

values for each taxon.
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TABLE 2 Summary statistics of raw (mm) and standardized
(dimensionless) cortical thickness measurements of the phalangeal
shaft.

Homo sapiens Pan Gorilla Pongo

Mean (SD) Mean (SD) Mean (SD) Mean (SD)
Raw
IP2  1.074(0.300) 2.147(0.289) 2.430(0.361) 1.734 (0.240)
IP3  1.393(0.383) 2.392(0.342) 2.820(0.387) 1.837(0.300)
IP4  1.359(0.387) 2.291(0.293) 2.703(0.457) 1.818(0.250)
IP5 0.967(0.264) 1.923(0.346) 2.265(0.428) 1.669 (0.300)
Standardized?
IP2 0.042(0.011) 0.068(0.010) 0.070 (0.008) 0.047 (0.004)
IP3 0.047 (0.012) 0.058 (0.008) 0.067 (0.007) 0.042 (0.006)
IP4 0.046(0.012) 0.061 (0.008) 0.068 (0.009) 0.041 (0.005)
(

IP5 0.046(0.012) 0.070(0.012) 0.073(0.011) 0.046 (0.003)

2Standardized by bone length.

3.1.1 | Cortical bone distribution patterns

Suspensory Pongo has thicker cortical bone on the peak of the FSRs

and the region proximal to the trochlea, with the shaft ranging from

low to intermediate thickness relative to the regions of maximum
thickness (Figure 4a). This pattern is generally similar across the four
digits, with the exception of IP2 and IP5, where some individuals dis-
play cortical bone that is thicker on the ulnar FSR relative to the radial
FSR (Figure 4a, Figure S1).

In knuckle-walking apes, thickest cortical bone is typically found
from the FSRs up to the region proximal to the trochlea, while the cor-
tical thickness of the shaft ranges from relatively low to intermedi-
ately thick (Figure 4b,c). However, compared to Pan, distribution of
cortex of the Gorilla phalangeal shaft is generally low in thickness rela-
tive to its thick FSRs. Across Gorilla IP2-1P4, individuals that possess
thick and prominent FSRs have a shaft relatively low in thickness,
while individuals with relatively thinner and smaller FSRs have a shaft
that is intermediate in its thickness (Figure 4b, Figure S1). In Pan indi-
viduals that do not possess prominent FSRs, only the region proximal
to the trochlea is maximally thick while the remainder of the phalan-
geal shaft (including the FSRs) is relatively intermediate in its thickness
(Figure 4c, Figure S1). Across the Pan hand, some individuals show
thicker cortex radially in IP2 and IP3 compared to the ulnar surface.

The human pattern of cortical bone distribution is distinct from
the other great apes, with the thickest cortical bone found on the dor-
sal midshaft-to-distal region as well as the disto-palmar region across
the digits (Figure 4d, Figure S1). The FSRs, when present, are maxi-

mally thick as well.
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FIGURE 5 PC1 and PC2 for cortical bone distribution of intermediate phalanges of IP2, IP3, IP4, and IP5 of Pongo, Gorilla, Pan spp., and Homo

sapiens.

3.1.2 | Cortical bone distribution variation

across taxa

The PCA distinguishes taxa based on scaled cortical thickness distri-
bution patterns of each phalanx. The results of the PCAs were similar
between digits, with similar loadings and separation among the
humans and non-human great apes (Figure 5; 3D PCA in Figure S2).
PC1 explains between 60% and 69% of the total variance for each of
the four digits. Low PC1 scores separate the African apes with rela-
tively thicker FSRs and high PC1 scores distinguish humans with
thicker cortex on the dorsal shaft along with thick radial and ulnar pal-
mar cortex in IP2-I1P4. IP5 distinguishes the species similarly, with the
same loadings on low PC1 values, but high PC1 values represent thick
midshaft-to-distal dorsal and palmar shaft thickness. African apes

variably overlap with each other, and Pongo is close to the humans
and across all digits (Figure 5).

PC2 explains between 5% and 9% of the variance in the PCAs
for each of the four digits and represents the region of overall maxi-
mum cortical thickness. Within IP2 and IP5, the nonhuman great
apes are characterized by high PC2 scores, with maximum cortical
thickness located on the palmar radial and ulnar surfaces, while
humans have a wide range of PC2 scores with maximum cortical
thickness located on the radial and ulnar surface of the mid-to-distal
shaft. The PCA of IP3 and IP4 represents the same relative patterns,
but the axes are flipped such that low PC2 scores generally charac-
terize nonhuman great apes with thicker palmar radial and ulnar cor-
tex and a wide range of PC2 values generally reflect humans having
thicker cortical bone on the radial and ulnar surface of the mid-
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TABLE 3 Significance values for post hoc comparisons of cortical
thickness among species.

Pan Gorilla Pongo
1P2 Homo sapiens <0.001 <0.001 NS
Pan NS 0.021
Gorilla 0.004
IP3 Homo sapiens 0.033 <0.001 NS
Pan NS 0.035
Gorilla <0.001
IP4 Homo sapiens 0.007 <0.001 NS
Pan NS 0.010
Gorilla <0.001
IP5 Homo sapiens <0.001 <0.001 NS
Pan NS 0.034
Gorilla 0.008

Note: The bold values are values that are statistically significant given ap < 0.05.
Abbreviation: NS, not significant (p > 0.05).

to-distal shaft. Together, PC1 and PC2 generally separate humans

from the other taxa in all rays.

3.1.3 | Mean cortical thickness

In interspecific comparisons, African apes have significantly thicker
cortical bone than Pongo and H. sapiens across all digits (Table 3). No
significant differences in cortical thickness were found between
Gorilla and Pan or between Pongo and Homo in any digit. In compari-
sons of cortical thickness patterns across the hand, mean cortical
thickness between the IPs does not significantly differ (p > 0.05)
within Pongo, Gorilla, and H. sapiens (Figure S3). In contrast, in Pan
mean cortical thickness of IP5 was significantly greater than that of
IP3 and IP4, with mean cortical thickness of IP2 being significantly
greater than IP3 as well (Figure S3).

3.14 | Mean cortical thickness across the shaft
Mean cortical thickness of the shaft reveals that all non-human great
apes have a shared pattern across each of the four IPs (Figure 6).
Mean cortical thickness increases up until the midshaft and from there
remains consistent with the thickest cortex located at the distal end
of the shaft. In contrast, in humans cortical thickness increases
proximo-distally, peaking just distal to the midshaft and then
decreases at the distal shaft in IP2-5.

3.1.5 | Palmar versus dorsal cortical thickness

A ratio of palmar and dorsal cortical thickness (Figure S4) reveals that

within the Pongo digits, cortex on the palmar surface is significantly

thicker than the dorsal surface in all four digits except IP3 (Table 4).
Gorilla and Pan have similar thickness values in the palmar and dorsal
shaft, except in the Gorilla IP2 (p = 0.033) and Pan IP5 (p = 0.045)
where the palmar cortex is significantly thicker. Across the human
digits, the dorsal surface of the shaft has significantly thicker cortex
than the palmar surface, with the exception of IP5 where there are no
significant differences (p > 0.05).

3.2 | Cross sectional geometry

Descriptive statistics of the scaled cross-sectional geometric proper-
ties (CA, Z,01, and J) at 35%, 50%, and 65% of the shaft are presented
in Table S2 and depicted in Figures 7-9. There were differences
across species in the different cross-sections in CA, Z,, and J for all
four digits (p < 0.05), which are presented in Table S3.

In Pongo, CSG properties are similar in all cross-sections (35%,
50%, and 65%) (Figures 7-9), with no significant differences across
IP2-1P5. Within Gorilla, IP3 is significantly greater than IP5 in all
cross-sectional properties with some variation at the different
cross-sectional levels (Table S4). At the 35% cross-section, there
are no significant differences in CA across the Gorilla digits and at
the 50% level, J of IP4 is also significantly greater than IP5. In Pan,
the CSG properties across IP2-IP5 follow a similar pattern to that
of Gorilla, with IP3 being significantly greater than IP5 in all CSG
properties across the different cross-sections, with some variation
in values of Z,, and J at specific cross-sections (Table S4). In
H. sapiens digits, only Z,, of IP3 is significantly greater than IP5
and J of IP3 and IP4 greater than IP5 across all cross-sections
(Table S4).

Analysis of intra-taxic differences in CSG properties at the dif-
ferent cross-sectional levels, reveal significant differences in CSG
properties within the phalangeal shaft of Gorilla, Pan, and H. sapiens
(Table S5). There are no significant differences across the Pongo
digits. Within the Gorilla digits, CA at the midshaft of IP3 is signifi-
cantly greater than at 65% of the shaft. Z,, and J increase disto-
proximally within the shaft, with values at the proximal end (35% of
the shaft) being significantly greater than values at the distal end
(65% of the shaft) in IP2-1P5 (Table S5). Within IP3, the values at
the midshaft (50% of the shaft) are also significantly greater than
values at the distal end (65% of the shaft). Mean values of all three
CSG properties in Pan phalanges increase disto-proximally within
the shaft (Table S2). In IP2-1P4, all CSG properties at the proximal
end are significantly greater than the distal end the shaft, with
values of Z,, and J at the proximal end also being significantly
greater than at the midshaft. Within IP5, only Z,,, and J at 35% of
the shaft is greater than 65% of the shaft (Table S5). Within
H. sapiens, CA is greatest at the midshaft and Z,, and J increase
disto-proximally, similar to Pongo and Gorilla (Figures 7-9; Table S2).
There is little variation within the shaft of each digit such that only J
at 35% of the shaft is greater than 65% of the shaft across IP2-4
and CA at 50% is significantly greater than 35% of the shaft only in
IP2 (Table S5).
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FIGURE 6 Average cortical bone thickness plotted from the proximal end (0) to the distal end (100) of the defined phalangeal shaft of Pongo,
Gorilla, Pan spp., and Homo sapiens.

3.2.1 | Inter-taxic analysis of cross-sectional are not significantly different from each other in any cross-sectional

properties properties across the different levels, except for CA. Values of CA in
the IP2 of Pan are significantly greater than that of H. sapiens at 35%

Values of scaled cross-sectional properties are greatest in Gorilla, fol- of the shaft.

lowed variably by Pan and H. sapiens, and are lowest in Pongo at the

proximal end (35%) of the shaft. Distally (50% and 65% of the shaft)

the pattern of CA is similar, but Z,o and J is greatest in Gorilla, fol- 3.3 | Cortical thickness and external morphology
lowed by H. sapiens, Pan, and Pongo (Table S2). Significance tests

reveal Gorilla has significantly larger values of CA, Z,;, and J across all 3.3.1 | Phalangeal curvature and cortical thickness
digits and cross-sectional levels compared to the other taxa, except

for Z,,; and J in IP5 at 50% cross-section (Table S3). At the 50% level Regression analyses testing the relationship between phalangeal corti-
in IP5, Gorilla is only greater than Pan in Z,, and greater than Pan and cal thickness and curvature across the extant great apes reveal that
H. sapiens in J. Overall, the remaining taxa, Pongo, Pan, and H. sapiens there is no relationship between the cortical thickness and degree of
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TABLE 4 Paired samples t-tests palmar versus dorsal thickness
across species.

Homo sapiens  Pan Gorilla Pongo
IP2  Palmar mean  0.035 0.061  0.062 0.046
Dorsal mean 0.045 0.058 0.058 0.039
t-ratio —3.328 1522 2170 4.061
p <0.001 NS 0.033 <0.001
IP3  Palmar mean  0.037 0.053 0.057 0.040
Dorsal mean  0.050 0.051 0.057 0.036
t-ratio —5.634 0861 —-0.222 2021
p <0.001 NS NS NS
IP4  Palmarmean  0.036 0.056 0.058 0.041
Dorsal mean 0.049 0.053 0.058 0.035
t-ratio —5.038 1531 -0.016 2.757
p <0.001 NS NS 0.013
IP5  Palmarmean  0.042 0.066  0.064 0.046
Dorsal mean 0.047 0.062  0.062 0.038
t-ratio —1.689 2036 1.158 4.992
p NS 0.045 NS <0.001

Abbreviation: NS, not significant (p > 0.05). The bold values in are values
that are statistically significant given a p < 0.05.

curvature of the intermediate phalanges of Pan, IP2 and IP4-IP5 of
Pongo, IP2-IP4 of Gorilla, and IP3-IP5 of humans (Figure S5;
Table Sé). There is a significant but weak relationship between the
curvature and cortical thickness of Pongo IP3 (p=0.030 and
R? = 0.073), Gorilla IP5 (p = 0.022 and R? = 0.321), and H. sapiens
IP2 (p = 0.024 and R? = 0.295) (Table Sé).

332 |
thickness

Palmar surface morphology and cortical

Testing the relationship between phalangeal cortical thickness,
median bar height, FSR length, and FSR depth in the IP3 of our sample
reveals weak but significant relationships between these variables in
Gorilla, Pan, and H. sapiens (Tables S7-S9 and S11). Within these vari-
ables, there is no significant relationship between FSR length of
median bar of extant hominid IP3s (Table S10).

3.4 | Comparison of proximal and intermediate
phalanges
3.4.1 | Mean cortical thickness

Comparing scaled mean cortical thickness values in the proximal and
intermediate phalanges of digits 2-5, cortical thickness values of the
intermediate phalanges are significantly greater than the proximal
phalanges across all taxa (Figure 10). However, the raw values reveal

a different pattern for each species (Figure 11). In Pongo, there are no

significant differences between the raw cortical thickness of the prox-
imal and intermediate phalanges. Within knuckle-walkers, Gorilla corti-
cal thickness of the proximal phalanges is greater in digit 2 and
3, while in Pan all proximal phalanges have significantly thicker cortex
than the associated intermediate phalanges. In humans, there are no
significant differences across the digits except for digit 2 in which the
cortical thickness of the proximal phalanx is significantly greater than

that of its associated intermediate phalanx.

342 | Cross-sectional geometry

Analyzing relative CSG properties between the proximal and interme-
diate phalanges of digits 2-5 reveals greater variation in the mean
values of Z,, and J compared to CA. Across the digits and three
cross-sections, there are no significant differences in the mean values
of CA between the proximal and intermediate phalanges of Pongo,
Gorilla, and H. sapiens (Table S12). Pan has significantly greater values
of CA in the proximal phalanges of digits 2-4 at 35% and 65% of the
shaft.

Mean values of Z,,; in Pongo are significantly greater in the proxi-
mal phalanx of digit 2 at 35% and 65% of the shaft (p = 0.036 and
p = 0.033, respectively), and in the proximal phalanx of digit 3 at 50%
and 65% of the shaft (p=0.035 and p = 0.003, respectively)
(Table S13). Within the proximal and intermediate phalanges of
Gorilla, Z,o values are significantly greater in the proximal phalanges
across all digits and cross-sections. Mean Z,, values of Pan are signifi-
cantly greater in the proximal phalanges of digit 3 and 4 at 35% of the
shaft, digit 2-4 at 50% of the shaft, and across all digits at 65% of
the shaft (Table S13). Within the human proximal and intermediate
phalanges, the proximal phalanx of digit 2 has significantly greater
values than the intermediate phalanx at 35% and 50% of the shaft
and across digits 2-4 at 65% of the shaft.

Across the digits of Pongo, relative mean values of J are greater in
the proximal phalanx of digit 3 at 50% of the shaft and across digit 2-
4 at 65% of the shaft (Table S14). Similar to the Z, values of Gorilla,
mean values of J are significantly greater in the proximal phalanges of
all four digits across all three cross-sections. Within the proximal and
intermediate phalanges of Pan, the proximal phalanx of digit 4 has sig-
nificantly greater values of J than the intermediate phalanx at 35% of
the shaft. At 50% and 65% of the shaft, the proximal phalanges of all
four digits have significantly greater values of J compared to the inter-
mediate phalanges. The human proximal phalanges have significantly
greater values of J for: digit 2 at 35% of the shaft, digit 2 and 3 at
50% of the shaft, and digit 2-4 at 65% of the shaft.

4 | DISCUSSION

Studies of internal structure of the hand have generally focused on
the metacarpus and elements of the carpus, with the phalanges being
comparatively understudied (e.g., Bird et al, 2022; Dunmore
et al., 2019; Marchi, 2005; Skinner et al., 2015). Here, we investigated
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variation in hominoid cortical bone distribution patterns of the inter-
mediate phalanges of digits 2-5 in relation to hand use and postures,
building upon our previous study of proximal phalanges in the same
taxa (and specimens) (Syeda et al., 2023). Cortical bone distribution
patterns, along with overall cortical bone thickness and CSG proper-
ties, were consistent with differences in hand use among suspensory
Pongo, knuckle-walking Gorilla and Pan, and humans. Comparisons of
cortical bone structure between the proximal and intermediate pha-
langes, provides greater insight into digit loading during manual

behaviors.
4.1 | Extant great ape intermediate phalangeal
cortical distribution, thickness and cortical properties

We predicted that cortical bone in Pongo would be thickest in the
midshaft-to-distal palmar surfaces with no significant differences in

cortical structure across the digits, reflecting the flexed-finger, hook
grip of all the fingers during suspensory behaviors (Rose, 1988;
Sarmiento, 1988). Our predictions were supported. In Pongo regions
of thickest cortical bone were located proximally on the FSRs and in
the region proximal to the trochlea, with the remaining shaft having
low to intermediate thickness across all IPs. This pattern reflects the
known biomechanical role of the FSRs and phalangeal curvature,
which is to reduce strain on the phalangeal shaft (Nguyen et al., 2014;
Richmond, 2007). The lack of significant differences in cortical thick-
ness and CSG properties across the digits is consistent with equal use
and similar loading of all four digits during suspensory locomotion in
Pongo (Rose, 1988; Susman, 1974; Thorpe & Crompton, 2006).
Within the African apes, we predicted that Gorilla and Pan would
have a similar pattern of cortical bone distribution but would differ in
their cortical bone properties across the digits. Our predictions were
not fully supported. The general African ape pattern across the rays

was characterized by thick cortical bone at the FSRs and proximal to

85U8917 SUOLULOD SAIES1D) 3 el (dde sy} Ag peusenof afe sopie YO ‘8sn J0 S| 1o Afeiqiauluo AS|IM UO (SUONIPUOD-PLR-SWISILICD A8 | 1M Ale.q 1[eul [Uoy/:Stily) SUOTIPUOD pue swie L 84} 89S *[7202/20/82] Uo Akelqiauluo As|im a1 Aq Zo6ve edle/z00T 0T/10p/W0d A3 1 ARe1q 1 BulUO//SANY W1} papeoiumod ‘0 ‘16922692



SYEDA ET AL.

AMERICAN JOURNAL OF
140f24 W1 LE Y — it g

- P2 1P3
(a) 5 r? ) (b) 5 Cross-sectional
fj —T level
&2 ' 35
4 4 B3 5o
2 a B e
S 4
7:”: &2 3
- A ,
z | ‘ il
kel ) hf 44 9 B =
g 9 s |
*
[ *x
1 ==
! *-E ** -$ o == —_
T : *kk
Ak k%
0 0
Pongo Gorilla Pan H. sapiens Pm;go Gorilla Pan H. sapiens
IP4 IP5
(C) 5 (d) 5
4 4
3
S
7 3 3
=
3
i<}
g
g 7
g 2 ) 2 ‘ :
1 —* B 1 .
= - e — | |
ko .
*
0 0

Pongo Gorilla Pan H. sapiens

Pongo Gorilla Pan H. sapiens

FIGURE 8 Polar section modulus (Z,) for digits 2-5 of Pongo, Gorilla, Pan spp., and Homo sapiens at 35%, 50%, and 65% of the bone length.

*p < 0.05; **p < 0.01; ***p < 0.001.

the trochlea, with a low to intermediately thick cortex along the shaft.
This African ape pattern differs from Pongo in that the African ape
FSRs generally span the majority of the proximodistal length of the
phalanx, while in Pongo the FSRs are located on the proximal half of
the shaft. The African ape pattern is surprising as EMG data on sub-
adult chimpanzees has shown minimal to no activation of flexor mus-
cles during knuckle-walking (Susman & Stern, 1979). However, a
recent experimental study has shown stress is concentrated on pul-
leys, which hold the flexor tendon close to the bone during interpha-
langeal joint flexion (Leijnse et al., 2021). These pulleys arise from the
radial and ulnar edges of the palmar surface, with annular pulleys A2
and A4 being the main pulleys within the fingers (Ayhan &
Ayhan, 2020). The A4 pulley is located on the intermediate phalanges
and Leijnse et al. (2021) have shown that stress is concentrated proxi-
mally on the A4 pulley, which coincides with the location of the FSRs.
Although Marzke et al. (2007) found no relationship between the size
of the FDS tendon and palmar phalangeal morphology, if the regions

of thickest cortex reflect stress related to the adjacent A4 pulley
insertions, then cortical bone distribution patterns may be reflecting
the role of the flexor muscles during different African ape manual
behaviors that are not reflected in external morphology alone. These
manual behaviors could include stretching of the flexor tendons dur-
ing knuckle-walking (Leijnse et al., 2021) or activation of flexor mus-
cles during arboreal grasping (Susman & Stern, 1979). While the
overall pattern is generally similar, the majority (82%) of Pan individ-
uals had an intermediately thick shaft while the majority (69%) of
Gorilla individuals had a relatively thin shaft cortex. This difference
may reflect the greater frequency of arboreal behaviors in Pan and
thus flexor muscle activation, as well as differences in the external
morphology (Hunt, 2020; Susman, 1979; Susman & Stern, 1979).
Gorilla has a significantly lower degree of phalangeal curvature than
Pan, significantly FSRs than Gorilla
(Doran, 1996; Hunt, 1992; Sarringhaus et al., 2014; Susman, 1979;
Syeda et al., 2021).

while Pan has smaller
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*p < 0.05; **p < 0.01; ***p < 0.001.

Along with differences in cortical bone distribution pattern
between the African apes, cortical properties of the intermediate pha-
langes across the digits differ between Gorilla and Pan. This result is
consistent with data from captive individuals showing differences in
digit use and loading between these two taxa (Matarazzo, 2013;
Samuel et al., 2018; Thompson, 2020; Wunderlich & Jungers, 2009).
While recent observations of mountain gorillas in the wild show much
greater variation in manual postures than in captivity (Thompson
et al., 2018), zoo-housed Gorilla loads digits 2-5 more evenly than Pan
(Matarazzo, 2013; Tuttle, 1969). This is reflected in the variation in
cortical properties across the digits of the respective taxa. Gorilla
mean cortical thickness does not significantly differ across the digits
but CSG properties show that IP3 is significantly stronger than IP5,
which is consistent with pressure studies that have shown greater
loads occurring around the midline of the hand during knuckle-
walking (Samuel et al., 2018; Tuttle et al., 1972). Contrary to our pre-
diction, IP5 of Pan had significantly thicker cortical bone than IP3 and
IP4, which are the digits that experience the highest loading

(Matarazzo, 2013; Samuel et al., 2018; Wunderlich & Jungers, 2009).
However, the Pan IP3 did have CSG properties reflecting greater
strength relative to IP5. The thicker cortex and weaker CSG proper-
ties of IP5 relative to IP3 may reflect the role of external morphologi-
cal features in the modeling of internal bone structure. IP5 has smaller
FSRs and a lower degree of phalangeal curvature (Susman, 1979;
Syeda et al., 2021) that, all things being equal, would increase strain
experienced by the shaft on the IP5 relative to the IP3 (Nguyen
etal.,, 2014).

As predicted, human cortical bone was thickest on the distodorsal
region, including in individuals that possess well-developed FSRs. This
cortical bone distribution pattern may reflect the role of phalangeal
curvature in dissipating forces across the phalanx. Typically, H. sapiens
manual behaviors involve flexed-finger postures in which the dorsal
surfaces of the phalanges experience high compressive forces and the
palmar surfaces experience tensile forces. These bending forces dissi-
pated across a relatively straight phalanx result in greater stress expe-
rienced by the dorsal surface (Preuschoft, 1973). Along with thick
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FIGURE 10 Scaled cortical thickness of the proximal and intermediate phalanges across (a) IP2; (b) IP3; (c) IP4; (d) IP5 of Pongo, Gorilla, Pan

spp., and Homo sapiens. *p < 0.05; **p < 0.01; ***p < 0.001. Intermediate phalanges have significantly thicker cortex in all taxa across the digits.

distodorsal cortex in humans, cortical bone on the distal palmo-radial
and palmo-ulnar surfaces is thick irrespective of the presence of FSRs
(Figure S1). In contrast, human proximal phalanges did not show con-
sistently thick cortex at the radial and ulnar edges of the palmar sur-
face (Syeda et al., 2023), suggesting that the pattern found in human
IPs reflects the point of insertion of the FDS tendon. Across the hand,
we predicted that digits 2 and 3 would have thicker cortices and
stronger cortical properties than digits 4 and 5 as experimental studies
have shown that greatest loads are experienced by the radial digits
and the thumb (Cepria-Bernal et al., 2017; De Monsabert et al., 2012;
Sancho-Bru et al., 2014). However, our prediction is not supported;
only IP3 was higher than IP5 in measures of bending strength (Z,)
and only IP3 and IP4 were higher than IP5 in measures of bending

and torsional rigidity (J). The lack of distinct differences across the
digits may reflect the presumed varied manual behaviors employed by
our H. sapiens sample, which ranges from fossil specimens to a diverse

range of pre- and post-industrial populations.

4.2 | Intermediate phalangeal pattern of cortical
bone distribution compared to proximal phalanges
421 | Pongo

This cortical bone distribution pattern of Pongo IPs is similar to that of

their PPs, further reflecting similar loading across the digits during
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spp., and Homo sapiens. *p < 0.05; **p < 0.01; ***p < 0.001.

flexed-fingered grips of the hand. It is an oversimplification to classify grasping thin substrates (Napier, 1960). However, if this hypothesis is

Pongo hand postural behaviors to just hook-like grips, as variation in correct, we would expect a similar cortical distribution on the IP2,
Pongo locomotion and hand use has been increasingly observed which we did not find. Instead, our sample of IP2s has relatively
(McClure et al., 2012; Thorpe & Crompton, 2006). However, we thicker cortex on the ulnar, rather than radial, edge of the palmar sur-
expect phalangeal cortical structure to reflect the repetitive hand pos- face in most individuals. However, our sample of intermediate phalan-
tural behaviors of Pongo, which have generally been observed to be ges is constrained to only six individuals and thus these patterns may

flexed-fingered grips (Napier, 1960; Rose, 1988). While the proximal reflect general variation within this taxon. Deducing more subtle dif-

and intermediate phalanges share a general pattern of thickness local- ferences in hand postures will require larger sample sizes and detailed
ized at the FSRs with an intermediately thick shaft, there is a slightly observational, and ideally biomechanical, data on hand use during
different pattern observed in PP2. The PP2 of some individuals Pongo locomotion.

showed thicker palmar radial cortex (Syeda et al., 2023), which was Comparing cortical thickness values and cross-sectional proper-
hypothesized to reflect greater extension of the second digit when ties of Pongo intermediate and proximal phalanges revealed mixed
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signals. Scaled average cortical thickness of the IPs was significantly

greater than the PPs across all digits. However, bending strength of
PP2 and PP3 was significantly higher than their IPs and the bending
and torsional rigidity of digit 2-4 PPs was significantly greater than
the IPs in the distal region of the shaft (65% cross-section). While the
IPs had thicker cortices than the PPs on average, higher CSG values of
the PPs relative to the IPs could reflect the disto-proximal increase in
load across the digit (Cooney & Chao, 1977), such that the PPs are
experiencing greater forces and are better structurally adapted to

resist greater loads (Matarazzo, 2015).

422 | Gorilla

Similar to the pattern previously identified in the Gorilla PPs (Syeda
et al., 2023), the regions of thickest cortical bone in the IPs coin-
cides with attachment points of soft tissues that stabilize the inter-
phalangeal joints. Cortical bone of the PPs was thickest in patches
along the FSRs, while in the IPs thick cortical bone was found across
the length of the FSRs. The FSRs of the IPs are located on the proxi-
mal half of the phalangeal shaft, and as stress is concentrated proxi-
mally at the A4 annular pulley (Leijnse et al., 2021), this thickness of
the FSRs in the proximal region of the bone may reflect the stress
that occurs when the FDS tendon is bent during knuckle-walking.
Similarly, the cortical bone distribution pattern of the PPs may
reflect FDS tendon bending that occurs distally at the A2 annular
pulley. These similar patterns of thick cortical bone in regions that
are thought to be stressed by FDS tendon stretching and phalangeal
soft tissue attachment points may provide support for experimental
evidence that suggests that, during knuckle-walking, stress is con-
centrated at the maximum bending point of the tendons and at the
pulleys which hold these tendons close to the shaft (Leijnse
et al., 2021). Alternatively, these patterns might be a signal of less
frequent (relative to knuckle-walking) arboreal behaviors
(Hunt, 2020) in which the flexor muscles are highly active
(Susman & Stern, 1979).

Across the PPs and IPs of Gorilla digits 2-5, the average scaled IP
cortical thickness was significantly thicker than the PPs. Along with
their thick cortices, there was also greater variation within the CSG
properties across phalangeal shaft in the IPs compared to that of the
PPs, such that the CSG properties at the proximal end of the bone
were significantly greater than at the distal end. However, bending
strength and resistance to bending and torsional rigidity is significantly
greater in the PPs relative to the IPs. These results could indicate that
despite the IPs making the initial contact with the substrate and
directly incurring the ground reaction forces during knuckle-walking,
the proximal end of the IPs and the PPs, as a whole, are better able to
resist the forces generated during manual behaviors. Across the PPs
and IPs, digit 2 shows thicker palmar cortex, which may reflect the rel-
atively small FSRs of digit 2 compared to digits 3 and 4 (Susman, 1979),
however it does not explain why PP5 has relatively thicker palmar

cortex but IP5 does not.

423 | Pan

The pattern of cortical bone distribution of Pan IPs was similar to that
reported for the PPs (Syeda et al., 2023), in that the region of thickest
cortical bone was located proximodistally along the FSRs. Across our
sample, Pan was the only taxon that showed differences in mean cor-
tical thickness across the digits within its PPs and IPs. The proximal
and intermediate phalanx of digit 5 had significantly thicker cortical
bone than the proximal and intermediate phalanx of digit 3. However,
the CSG properties of digit 3 were significantly greater than digit
5. This may be because the external morphological features of
digit 5 (i.e., tall FSRs, phalangeal curvature) are not as prominent as
they are in the other radial digits. Thus, loads may not be dissipated as
effectively in digit five, leading to higher strains experienced by the
shaft, increased cortical bone modeling and thus thicker cortical bone
compared with digit 3, in which external morphological features are
most pronounced (Nguyen et al., 2014; Susman, 1979). Average corti-
cal thickness was greater in the IPs while the PPs had significantly
stronger CSG properties than the IPs; a pattern similar to that found
in Gorilla. As the primary mode of locomotion of Gorilla and Pan is
knuckle-walking, these similarities in cortical bone structure of the

PPs and IPs are expected.

424 | Homo sapiens

The cortical bone pattern of H. sapiens IPs was similar to that found in
their PPs (Syeda et al., 2023) in that the thickest region of cortical
bone was concentrated at the distodorsal surface of the phalanges.
However, the IPs were distinct in also having thick cortical bone along
the distodorsal region of the palmar surface (regardless of the devel-
opment of the FSRs). There were no significant differences in cortical
thickness across the digits in either the PPs or the IPs and the dorsal
cortex was consistently thicker than the palmar cortex, except for in
IP5. In IP5, similar dorsal and palmar cortical thickness may indicate
that IP5 is not being loaded in the same manner as the other phalan-
ges. This has been noted in an experimental study of load distribution
during power grips, in which the fifth digit does not remain active
throughout the length of a gripping task in contrast to the remaining
digits (Sancho-Bru et al., 2014). This is also reflected in the CSG prop-
erties of the PPs and IPs, with CSG properties in the PPs of digits 2-
4—but not digit 5—being significantly stronger than the IPs. The
absence of differences in the CSG properties of the phalanges of digit

5 may reflect overall lower levels of loading for this digit.

4.3 | Relationship between proximal and
intermediate cortical bone thickness

While the pattern of cortical bone distribution was similar in the prox-
imal and intermediate phalanges within our study taxa, the scaled

values of mean cortical thickness were not. Intermediate phalanges on
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average had thicker cortical bone in the phalangeal shaft when scaled
to the length of the bone. This could be due to many factors. First,
external morphological features that are thought to help resist forces
are generally less developed in the IPs compared to the PPs
(i.e., degree of curvature; development of FSRs). Therefore, the rela-
tive cortical thickness in the intermediate phalanges may need to be
greater to withstand higher bone strain experienced by the shaft. Sec-
ond, the FDS tendons insertion site is located on the intermediate
phalanges, whereas they are only passing across the proximal phalanx
(with pulleys inhibiting the buckling of the tendon). Therefore, the
majority of the internal forces exerted by these muscular tendons are
likely incurred by the intermediate phalanges. Finally, it could be that
the relationship between bone length and required cortical thickness
is not linear such the minimum amount of cortical bone needed when
scaled for length is larger than that required for longer proximal
phalanges.

Comparing absolute values of PP and IP cortical thickness reveals
a unique relationship between the two in each taxon (Figures 10 and
11). Similar values of absolute average cortical thickness across the
PPs and IPs of Pongo, coupled with their thin cortex and low cross-
sectional properties, may further reflect that, due to their external
morphology minimizing strain on the phalangeal shaft, cortical model-
ing and thicker cortex might not be needed (Ruff et al., 2006; Syeda
et al., 2023). Within the African apes, Gorilla had significantly thicker
cortical bone in the PP of digits 2 and 3 while Pan had significantly
thicker PP cortical structure across all digits. These results provide
additional support for our inference that the PPs of African apes
might be better adapted to the loads resulting from their manual
behaviors compared to their IPs. Across H. sapiens digits, only digit
2 had significantly thicker cortical bone in the PP relative to the IP,
while the remaining digits showed no differences. The absolutely
thicker cortices of the PPs can be attributed to the absolutely larger
size compared to the IPs, but the general lack of significant differ-
ences in PP and IP absolute cortical thickness of Pongo, Gorilla, and
H. sapiens digits indicates phalangeal size is not the only factor impact-
ing phalangeal cortical thickness.

4.4 | Phalangeal curvature

We found significant, but not strong, correlations between cortical
thickness and the degree of curvature in the IPs and PPs (Syeda
et al,, 2023) in our sample. These results might therefore call into
question the functional significance or plasticity of phalangeal curva-
ture (see also Wallace et al., 2020). Phalangeal curvature has been
shown to change throughout ontogeny based on the frequency of
arboreality (Richmond, 1998) and has been experimentally demon-
strated to reduce strain experienced by the (proximal) phalanx during
suspensory loading (Nguyen et al., 2014; Richmond, 2007). If cortical
thickness reflects loads incurred during life (Ruff et al., 2006), one
might expect taxa with more curved phalanges to have thinner cortex
or for humans to have more curved phalanges if they are habitually

using flexed-finger postures. However, our results suggest that the

T \v1 £y o

relationship between cortical bone thickness and curvature is more

complex. Overall length of the phalanx and the shape and size of the
flexor sheath ridges will also influence how loads are incurred by the
phalanx, and the frequency and magnitude of external and internal
loads are critical. For example, musculoskeletal modeling of the third
digit shows that the ratio of (internal) tendon load relative to (external)
fingertip force and bone load magnitude to fingertip force was 42%
and 55% higher, respectively, in a bonobo than a human (Synek
et al., 2019). Thus, we propose that loads incurred during flexed-finger
postures in human manipulative activities are not of sufficient magni-
tude to stimulate plasticity in curvature, but are sufficient to cause
cortical modeling of the dorsum (in comparatively straight phalanges).

4.5 | Flexor sheath ridges

The development of the FSRs has been linked to arboreal behaviors
(Nakatsukasa et al., 2003) and our study supports the hypothesized
biomechanical role of the FSR in reducing the strain on the phalangeal
shaft (Nguyen et al., 2014). It can be called into question that FSRs
will always be the thickest region of cortical bone within a phalanx
because it is a bony projection. However, individuals with small FSRs,
or with no FSRs, have a shaft that is relatively thicker compared with
the phalangeal shaft thickness of individuals with larger FSRs (see
individual specimens in Figure S1).

While an experimental study has explained the biomechanical
function of the FSRs (Nguyen et al., 2014), ontogenetic development
of the FSRs has yet to be studied. Currently there is a lack of evidence
explaining the variability of the FSRs and the functional implications
of this variability. For example, it is not clear as to why Gorilla have
the most prominent FSRs among the extant great apes when at least
mountain gorillas spend considerably less time engaging in arboreal
locomotion then Pan and Pongo (Doran, 1997). We also observed vari-
ation in FSR morphology within Pan, with some individuals displaying
FSRs that project minimally from the palmar shaft while others are
quite prominent. This variation is present within both male and female
individuals of P. paniscus and P. troglodytes and therefore sexual
dimorphism and systemic differences in the skeleton within or
between these two species cannot explain the differences in FSR
morphology. Variation in FSR morphology may related to other
aspects of external morphology, particularly the degree of phalangeal
curvature. For example, large FSRs of Gorilla may be explained by their
relatively straight phalanges while smaller FSRs in Pan reflect greater
phalangeal curvature. More prominent FSRs in Gorilla relative to Pan
might also be related to the larger forces external (body mass) and
internal (e.g., tendon loads) that the Gorilla phalanges must withstand
during knuckle-walking with more prominent FSRs providing a greater
surface are to dissipate forces. However, such hypotheses would pre-
dict strong correlations in the development of FSR morphology and
variation in phalangeal curvature and body mass (e.g., sex differences)
that were not clear within our study sample. These hypotheses
require experimental and developmental validation on larger sample

sizes to confirm the functional implications of this bony morphology.
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4.6 |

Palmar median bar

Along with the FSRs, the functional morphology and the development
of the palmar median bar and its (generally) accompanying lateral fos-
sae are not well understood. The median bar is an anterior extension
of cortical bone on the palmar surface and is typically assumed to
have a biomechanical function (Tocheri et al., 2008). As such, we
expected that the palmar cortical thickness of the phalangeal shaft
would have been significantly thicker in taxa that possess well-
developed median bars (i.e., Pongo and Gorilla). However, preliminary
analyses on the IP3s of our sample, shows no evidence of a relation-
ship between palmar median bar morphology and phalangeal cortical
thickness. An alternate explanation for the presence of palmar median
bar is that it is simply a by-product of the hallowing out of the lateral
fossae. However, this hypothesis would imply thin cortical bone at
the lateral fossae, which was not observed in our sample. Cortical
thickness of the lateral fossae is similar to the thickness of the palmar
shaft (except for FSRs) across our sample. Nonetheless, the
palmar median bar morphology will affect the shape, distribution of
load, and therefore the CSG and bending rigidity and strength is likely
to be different. Ontogenetic and biomechanical analyses (e.g., via
micro-finite element modeling) that allows on to test the potential
functional role of these palmar features is needed to improve our
understanding of the general form-function relationships and “trade-
offs” of phalangeal external and internal morphology.

4.7 | Limitations

There are some limitations to our study that should be acknowledged.
First, our study is founded upon the concept of bone functional adap-
tation (i.e., bone modeling occurs in response to loads incurred during
life that influence both external shape and internal structure), but
many other factors, such as genetics, age, sex, and hormones, can also
influence bone structure (see review in Kivell, 2016). Furthermore, as
CSG relies on beam theory (Lieberman et al., 2004), functional inter-
pretations resulting from cross-sectional properties of bones that are
less cylindrical (such as the IPs) may not be as robust or straightfor-
ward to interpret and thus should be interpreted with caution. How-
ever, there is evidence that (e.g., Gosman et al., 2013; Rodriguez et al.,
2018) CSG properties of non-cylindrical regions of bone can be suc-
cessfully linked to function. Ultimately, a thorough investigation into
the relationship between external and internal morphology, alongside
kinematic and musculoskeletal modeling, is needed to provide a holis-
tic understanding of how great ape manual behaviors are reflected in

variation in bone structure.

5 | CONCLUSION

Our results provide a detailed analysis of the internal structure of the

great ape intermediate phalanges. Cortical bone structure of the

intermediate phalanges across the extant great apes reflected differ-
ences in hand postures during manual behaviors across the taxa and
within the hand of each taxon. Results of this study coupled with the
known cortical structure of the proximal phalanges, revealed a similar
pattern of cortical bone distribution across the proximal and interme-
diate phalanges but greater load resistance by proximal phalanges.
This demonstrates the functional signals that can be gleaned from the
cortex of the proximal and intermediate phalanges of digits 2-5,
which can be applied to the reconstruction of hand use in fossil homi-
nins. It also highlights the importance of considering variation in exter-
nal morphological features for the interpretation of the biomechanical

environment that leads to variation in internal bone structure.
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