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ABSTRACT The relationship between the mechanical
loading undergone by a bone and its form has been widely
assumed as a premise in studies aiming to reconstruct be-
havioral patterns from skeletal remains. Nevertheless,
this relationship is complex due to the existence of many
factors affecting bone structure and form, and further
research combining structural and shape characteristics is
needed. Using two-block PLS, which is a test to analyze
the covariance between two sets of variables, we aim to
investigate the relationship between upper-limb entheseal
changes, cross-sectional properties, and contour shape of
the humeral diaphysis. Our results show that individuals
with strongly marked entheseal changes have increased
diaphyseal rigidities. Bending rigidities are mainly related

to entheseal changes of muscles that cross the shoulder.
Moreover, the entheseal changes of muscles that partici-
pate in the rotation of the arm are related to mediolater-
ally flatter and ventrodorsally broader humeral shapes in
the mid-proximal diaphysis. In turn, this diaphyseal
shape is related to diaphyseal rigidity, especially to bend-
ing loadings. The shape of the diaphysis of the rest of the
humerus does not covary either with rigidity or with
entheseal changes. The results indicate that large muscu-
lar scars, such as those found in the mid-proximal diaphy-
ses, seem to be related to diaphyseal shape, whereas this
relationship is not seen for areas with less direct influen-
ces of powerful muscles. Am J Phys Anthropol 000:000–
000, 2013. VC 2013 Wiley Periodicals, Inc.

The concept “mechanical morphogenesis” emphasizes
the role of mechanical stimuli in cell division, cell differ-
entiation, and tissue form regulation (Benjamin and
Hillen, 2003). In the field of Physical Anthropology, a
relationship between mechanical stimuli and bone form
has been widely assumed as a premise in studies aiming
to reconstruct past behavioral patterns from skeletal
material (Ruff, 2000, 2005; Ruff et al., 2006; Meyer
et al., 2011). Methodological approaches in the bioarch-
aeological context have expanded greatly over the last
decades with the use of several analytical techniques,
such as the study of activity markers (Ruff, 2000;
Villotte et al., 2010; Niinim€aki, 2012). These are changes
in internal and external bone architecture caused by a
continued and prolonged stress derived from regular and
occupational activities (Kennedy, 1989; Dutour, 1992).
Several types of activity markers can be distinguished,
including entheseal changes, cross-sectional bone proper-
ties, and shape changes (Galt�es et al., 2007; Meyer
et al., 2011).

Entheseal changes are skeletal markers with a multi-
factorial causality that are commonly considered to
result from an adaptation to muscular loadings (Galt�es
et al., 2006, 2007; Villotte et al., 2010; Niinim€aki and

Baiges Sotos, 2012). Diaphyseal cross-sectional proper-
ties, which are based on a beam model, reflect the
capacity of long bones to resist breaking and deforma-
tion (Huiskes, 1982; Ruff, 2008). Bone shape studies are
commonly based on external measurements to obtain
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diaphyseal indices that are assumed to reflect the activ-
ity of the individual (Ruff, 2008; Meyer et al., 2011).

There are several areas in the study of skeletal
markers of activity that deserve further research, such
as their relationship with the biomechanical properties
of the bones (Ruff, 2000). There is evidence that the pri-
mary response of long bones to changes in mechanical
loading is carried out through alterations in diaphyseal
geometry and structure (Woo et al., 1981). Nevertheless,
while considerable anthropological literature assumes a
direct relationship between bone form and mechanical
stimuli, there are also studies demonstrating a multifac-
torial and complex causation (Ruff, 2000; Weiss, 2003;
Daly et al., 2004; Niinim€aki, 2012). Combining different
analysis of bone mechanical response would be useful to
obtain a further understanding on their functional sig-
nificance (Ruff, 2000).

The humerus has been widely used to reconstruct past
behavioral patterns. Nevertheless, the functional role of
upper-limb muscular activity patterns on humeral dia-
physeal shape has only been studied from a descriptive
point of view (Rhodes and Kn€usel, 2005; Ogilvie and Hil-
ton, 2011). Using a multifactorial approach, the current
study aims to investigate the relationship between mus-
cular development, humeral rigidity and diaphyseal
shape. Specifically, we aim to determine which specific
muscles have the greatest effect on both humeral rigid-
ity and diaphyseal shape.

MATERIALS AND METHODS

Sample

The sample consisted of 62 complete upper-limb speci-
mens (humerus, ulna and radius) of human skeletons
housed at the Unitat d’Antropologia Biol�ogica, Universi-
tat Aut�onoma de Barcelona (UAB) (Table 1). These skel-
etons belong to a contemporary osteological collection of
known age and sex (UAB Collection) and to a number of
archaeological sites of small communities from all the
historical periods. All of them come from populations
integrated by rural and manual laborers from Catalonia
and Balearic Islands. The age and sex of the latter were
estimated by a multifactorial approach according to the
criteria proposed by Buikstra and Ubelaker (1994).

Sub-adult individuals were excluded from the study as
the appearance and development of their entheses is
conditioned by bone immaturity (Hawkey and Merbs,
1995). Although architectural changes occur mostly dur-
ing growth and entheseal development emerges during
adulthood (Hawkey and Merbs, 1995; Rhodes and
Kn€usel, 2005), mechanical loading can still trigger sig-
nificant bone architectural responses after adolescence

(Ruff et al., 2006). Moreover, entheseal changes are less
affected by age in young and mature adults (Galt�es
et al., 2006). Therefore, only young and mature adults
(20–59 years old) were included in the sample. Exclud-
ing individuals above 60 years of age, we avoided the
most extreme effects of age-related bone loss (Ruff,
2005).

Only the best preserved extremity of each individual
was included in the study, and the sample contains right
and left specimens in similar proportions. Some individu-
als were not suitable for all measurements, and so the
sample size varies from analysis to analysis. Individuals
exhibiting pathological conditions that might affect the
musculoskeletal system, such as diffuse idiopathic skele-
tal hyperostosis (DISH), arthritis or fractures (Aufder-
heide and Rodr�ıguez-Mart�ın, 1998; Campillo, 2001; Isidro
and Malgosa, 2003), were not included in the sample.

Upper-limb entheseal changes

Eleven upper-limb muscular attachment sites were
analyzed on dry bone using the scoring method des-
cribed by Galt�es et al. (2006) and Galt�ıs and Malgosa
(2007) (Table 2). This method enables the development
of the entheses to be graded according to their morphol-
ogy, and so both tendinous and direct entheses can be
scored (Testut and Latarjet, 1990). Entheses were
graded from least to most heavily marked: 0 (no expres-
sion), 1 (faint expression), 2 (moderate expression), 3
(strong expression). Entheses with a pathological
change, corresponding to grade 4, i.e., presence of ossifi-
cation exostosis and/or a lytic cortical lesion, were disre-
garded because they can be caused by factors unrelated
to repetitive activity (Ippolito, 1986; Hawkey and Merbs,
1995; J�ozsa and J�ozsa, 1997; Galt�es et al., 2006; Ib�a~nez-
Gimeno et al., 2012a). Table 3 shows the description of
each entheseal development grade for both tendinous
and direct entheses. All the entheses analyzed in the
current study are tendinous.

In order to evaluate the reproducibility of the method,
interobserver and intraobserver errors of the entheseal

TABLE 1. Historical period and age of the studied individuals

Age

Historical period
Young adults

(20–39)
Mature adults

(40–59) Total

Ancient History and
Late Antiquity

13 M 1 F 1 F 15

Middle Ages 10 M 2 F 4 M 16
Early Modern Period 10 M 4 M 14
Contemporary Period 5 M 5 F 5 M 2 F 17
Total 46 16 62

M: males. F: females.

TABLE 2. Muscular attachment sites

Muscle Abbreviation Analyzed attachment site

Subscapularis SBS Lesser tubercle of the
humerus

Supraspinatus SPS Anteroproximal facet of
greater tubercle of the
humerus

Infraspinatus IS Posteroproximal facet of
greater tubercle of the
humerus

Teres major TM Medial lip of the humeral
bicipital groove

Pectoralis major PM Lateral lip of the humeral
bicipital groove

Deltoid D Deltoid tuberosity of the
humerus

Extensor digitorum
communis

EC Posterior facet of the humeral
lateral epicondyle

Flexor digitorum
communis

FC Anterior facet of the humeral
medial epicondyle

Triceps brachii TB Posterior surface of olecranon
Brachialis B Anterior surface of ulnar

coronoid process
Biceps brachii BB Bicipital tuberosity of the

radius
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changes were tested using a total of 330 observations (11
attachment sites of 30 complete upper-limb skeletons).
Each specimen was independently assessed by two
observers: the main researcher (A) and an external ob-
server (B). Researcher A performed two assessments of
the individuals: the first one (A1) using the 30 individu-
als; and the second one (A2), one month later, using a
randomized 10% of the total observations. Observer B
performed three assessments: the first one (B1), without
previous training, using the 30 individuals and following
the descriptions in Table 3; the second one (B2), one
week later, after receiving training and using the 30
individuals; and the third one (B3), one month later,
using the same randomized 10% as observer A. Interob-
server error was calculated by comparing A1 with B1

and B2, using the Wilcoxon nonparametric test for two
related samples (SPSS 15.0 software, 2006). Intraob-
server error was calculated by comparing A1 with A2

and B2 with B3.
The interobserver comparison test showed significant

differences (P<0.05) between A1 and B1 for SPS, TM,
PM, D, and FC (see Table 2 for the abbreviations).
Nevertheless, these differences were not found with the
second assessment of the external observer (A1-B2). Con-
cerning intraobserver comparison test, identical results
were obtained both in A1-A2 and B2-B3 for all the enthe-
seal changes used in this study.

Geometric morphometrics of the humeral
sections

The shape of the humeral diaphysis was assessed by
analyzing the outline of diaphyseal cross-sections at

different points using geometric morphometrics techni-
ques. NextEngine’s 3D Scanner was used to obtain
three-dimensional images of the humeri, which were
processed with ScanStudio HD software, 2006. The
images were exported to the modeling software Rhinoc-
eros 4.0 SR1, 2007, where the longitudinal axis of each
humerus was represented as the intersection of coronal
and sagittal planes (Ib�a~nez-Gimeno et al., 2012b). Con-
tours perpendicular to the axis were then obtained at
15, 25, 35, 50 and 75% of bone length (Ruff, 2002) from
the distal end. These contours were anatomically ori-
ented using coronal and sagittal planes of the humerus
as mediolateral and anteroposterior axes, respectively.
Twenty-five semilandmarks were placed all along the
outline of each contour (Fig. 1). All semilandmarks were
digitized with tpsDig version 1.40, 2004. Each data set
(sections at 15, 25, 35, 50 and 75%) was treated sepa-
rately. Sliding methods may be used to approximate the
shape of the curves (Bookstein, 1997; Bookstein et al.,
2002; Martin�on-Torres et al., 2006; P�erez et al., 2006).
Sliding enables semilandmarks to move along the curve.
Each semilandmark slides along its tangent to the out-
line until its final position minimizes one of several pos-
sible criteria. The criteria used in the current study is
the Procrustes distance between reference and target
(Sheets et al., 2004). Sliding was performed using
tpdRelW version 1.45, 2007.

The superimposition of all the specimens was per-
formed separately for each dataset (15, 25, 35, 50, and
75%) with MorphoJ 1.04a, 2011, (Klingenberg, 2011)
using the Generalized Procrustes Analysis (GPA), which
translates, scales and rotates each specimen (semiland-
mark configuration) in order to minimize Procrustes

TABLE 3. Description of the entheseal development grades for tendinous and direct entheses. Extracted from Galt�es et al. (2006)

Grade Tendinous entheses Direct entheses

0 The insertion area shows a smooth impression without new bone deposits The attachment area shows a round or
convex surface

1 The insertion area has a visible incipient bone deposit such as granular
concretions, fine striations, or a flat and well-defined compact deposit.
The rough area is apparent to the touch

The attachment area shows a flattened
surface

2 Bone deposit becomes more evident, thick, compacted, elevated,
flat-topped.

Development of incipient concavity in the
bone surface

3 The defined crust or plaque is uneven. No crests have formed The attachment area shows a clearly
defined concavity

Fig. 1. Placement of semilandmarks in a diaphyseal contour (section at 75% from the distal end of a humerus of the sample is
shown as example). The contour is anatomically oriented. A: Placement of four points. Points V and D are the intersections
between a vertical line that passes through the centroid of the contour (O) and the ventral and dorsal surfaces of the contour,
respectively. Points M and L are the intersections between a horizontal line that passes through the centroid of the contour (O)
and the medial and lateral surfaces of the contour, respectively. B: Circular fan with 25 equiangular lines, drawn with MakeFan 6,
2009. Its center is the central point of the polygon VLDM. C: Twenty-five semilandmarks defined as the intersections between each
line of the fan and the surface of the contour.
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distance between them (Rohlf and Slice, 1990). All speci-
mens were therefore aligned to their mean shape
(Zelditch et al., 2004). The results of the generalized Pro-
crustes superimposition are scatters of corresponding
semilandmarks (Procrustes shape coordinates) around
their means.

Humeral cross-sectional properties

Sections at 35% of humeral length from distal end
were used to calculate cross-sectional properties (Ruff,
2008; Sparacello and Marchi, 2008; Nikita et al., 2011).
These were assumed to be proper proxies for the charac-
terization of the rigidity, which is defined as the bone
capacity to resist deformation, of the entire diaphysis of
the humerus (Rhodes and Kn€usel, 2005; Ruff, 2008;
Niinim€aki, 2012). To obtain the sections, the contours at
35% obtained from the three-dimensional images were
used as the areas within the sub-periosteal surface.
Biplanar radiographs in anteroposterior and mediolat-
eral planes were taken to estimate the contours of the
medullary canal (O’Neill and Ruff, 2004; Ruff, 2008).

Scaled images of each cross-section were imported into
ImageJ 1.45s, 2011, and analyzed using MomentMacroJ
v1.3, 2007. Cortical area (CA) and anatomically oriented
second moments of area (Ix, Iy) were calculated for each
section. CA is proportional to compression and tension
rigidity and Ix and Iy are proportional to antero-posterior
and medial-lateral bending rigidities of the bone, respec-
tively (Ruff, 2008). Ix and Iy were standardized by the
product of body mass and the second power of bone
length, whereas CA was standardized by body mass
(Ruff, 2008; Sparacello and Marchi, 2008; Shaw and
Stock, 2009a,b). To estimate body mass, femoral antero-
posterior head breadth regression formulae were used
(Ruff et al., 1991). These body mass estimations are the
best approached if the specimens are not from the large
or small extremes in size relative to modern humans
(Auerbach and Ruff, 2004). Torsional rigidity (J) was not
analyzed because it is mathematically dependent on Ix

and Iy, and the statistical tests performed in this study
require independent variables.

Statistical analyses

Partial Least Squares (PLS) is a wide group of meth-
ods for modeling relationships between sets of observed
variables by means of latent variables. The underlying
assumption of all PLS methods is that the observed data
are generated by a system or process driven by a small
number of latent (not directly observed or measured)
variables (Rosipal and Kramer, 2006). The two-block
PLS analysis is a specific PLS method for exploring pat-
terns of covariation between two (although potentially
more) blocks of variables which has been widely used in
the field of morphometrics over the last few years (see
Rohlf and Corti, 2000; Bookstein et al., 2003; McNulty,
2009). The PLS method operates on the covariation
between the two blocks of variables, and seeks to obtain
a new set of variables that optimally (in the sense of
maximal covariance, not correlation) links the blocks
using the fewest possible dimensions (McIntosh et al.,
1996). The results are pairs of linear combinations that
successively maximize the covariance between the sets
of variables, while being mutually uncorrelated across
sets. Although the PLS and PCA resemble each other in
the definition of axes, the former decomposes a matrix
into mutually orthogonal axes using the inter-block

variance-covariance matrix and the components are
ordered according to the amount of covariance between
blocks explained by each one, instead of the amount of
variance. Moreover, PLS is based on singular value
decomposition (SVD), which yields pairs of singular axes,
one per block; each pair is associated to a singular value,
which is a relative measure of the covariance explained
by the paired axes (Zelditch et al., 2004). In this regard,
covariance is explained by the singular axis in a manner
similar as variance is explained by principal components.
Applied to shape data, it identifies those features of
shape that have the strongest covariation with the other
set of variables. Although both regression and PLS
examine the relationship between two sets of variables,
they differ in that PLS treat both sets of variables sym-
metrically, so that it is not implied that the variation in
one set of variables is caused by the other set.

The two-block PLS analysis in the context of morpho-
metrics has been mainly used to explore patterns of
covariation between shape and other variables, including
traditional morphometrics, biomechanical and ecological
factors, or behavioral features (Klingenberg and Ekau,
1996; Rohlf and Corti, 2000; R€uber and Adams, 2001;
Marug�an-Lob�on and Buscalioni, 2006); or between two
shapes, mainly to address integration and modularity
(Bastir and Rosas, 2005; Mitteroecker and Bookstein,
2007).

In order to find out if mechanical loadings derived
from muscular activity affect humeral rigidity, the covar-
iance between all entheseal changes and cross-sectional
properties was determined by applying a two-block PLS
analysis. This analysis also enabled us to determine
which muscles have the greatest influence on humeral
capacity to resist deformation, since the singular axis
corresponding to the non-shape variables can be inter-
preted using the loadings of the variables on it, in the
same way that the loadings in a principal component
enable the meaning of that component to be understood.
To assess how mechanical loadings derived from muscu-
lar activity covary with humeral shape, two-block PLS
analyses between each Procrustes coordinates dataset
(15, 25, 35, 50 and 75%) and selected entheseal changes
for each section were performed. Only entheseal changes
of muscles around the studied area were included for
the analysis of each section. Two-block PLS analyses
between each Procrustes coordinates dataset and cross-
sectional properties were also performed with the aim of
determining if different humeral rigidities are related to
specific diaphyseal shapes. The singular axis correspond-
ing to the block containing shape variables can be
depicted graphically by the deformation of the shape
configuration along an axis, enabling the interpretation
of its biological meaning (Zelditch et al., 2004). Each
PLS analysis was performed by pooling within age
(young and mature) and sex, so that the differences in
the group means were removed. This analysis focuses on
the covariation between the deviations from the group
averages in the two blocks of variables. Accordingly, the
analysis will first remove the differences in the group
means, and then the PLS analysis will be run. In order
to compute pooled within-group variances and covarian-
ces, the deviations of the observations from the group
averages of the variables, instead of the deviations from
the grand mean, are used. This method makes a correc-
tion by subtracting the differences between the group
means. The analyses are therefore based on the pooled
within-group variation (Klingenberg et al., 2003;
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Klingenberg, 2009). The statistical significance of each
PLS analysis was tested with a permutation test of
10000 randomization rounds. All PLS analyses were per-
formed using MorphoJ 1.04a, 2011 (Klingenberg, 2011).

Not all cross-sectional properties used in this study
have the same units. Therefore, before running the PLS
analyses, these variables were standardized using their
z-scores. No standardization of the entheseal changes
was needed, because their assessment was based on a
scale that is equivalent for all the muscles.

Since PLS analyses cannot handle missing data,
entheseal changes unobservable or with a pathological
change (41 of 682 total observations) were replaced
using the median, which is the measure commonly used
to replace missing data of ordinal variables (Robb, 1998).
For each individual, the median value of his entheseal
changes was used to replace the missing data.

RESULTS

The PLS analysis between entheseal changes and
cross-sectional properties revealed a statistically signifi-
cant relationship between them (N 5 56; RV coef-
ficient 5 0.22; P< 0.001). A scatterplot of the first
singular axes for both blocks of variables is shown in
Figure 2A. The loadings of the variables (Fig. 2B,C) indi-
cate that the major relationship between blocks of varia-
bles occurs between bending rigidity and the entheseal
changes of supraspinatus, biceps brachii, subscapularis,
deltoid, infraspinatus, pectoralis major and teres major,
in contrast to brachialis, triceps brachii, flexor digitorum
communis, and extensor digitorum communis, with load-
ings close to zero.

The results of PLS analyses between each shape data-
set and selected entheseal changes are shown in Table 4.
Diaphyseal shape shows significant covariance with
entheseal changes of muscles around the corresponding
section only at 75% of bone length from the distal end.
The first singular axes reveal that more marked enthe-
seal changes of deltoid, pectoralis major and teres major
are related to more ventrolaterally developed, laterally
narrower and dorsally thicker diaphyses (Fig. 3A,B).

Table 5 shows the results of PLS analyses between
each shape dataset and humeral cross-sectional proper-
ties. These properties covary with diaphyseal shape at
75% of bone length from the distal end. Ventrodorsally
broader diaphyses at 75% are principally related to
increased bending rigidities (Fig. 4A,B).

DISCUSSION

Relationship between entheseal changes and
diaphyseal rigidity

The results indicate that individuals with strongly
marked insertions have increased diaphyseal rigidity,
defined as the capacity of the bone to resist deformation
(Ruff, 2008). The covariance between both groups of var-
iables is low, which suggests a multifactorial causality of
diaphyseal rigidity, as observed in previous studies (Daly
et al., 2004; Ruff, 2008; Niinim€aki, 2012). According to
our results, bending rigidities are mainly related to
supraspinatus, biceps brachii, subscapularis, deltoid,
infraspinatus, pectoralis major, and teres major. All
these muscles cross the shoulder and are involved in its
motion (Kapandji, 2002). Conversely, the muscles that
do not covary with rigidity, i.e., extensor digitorum com-
munis, brachialis and flexor digitorum communis, cross
the elbow but not the mid-distal humerus. In the case of
triceps brachii, which does not covary with rigidity ei-
ther, its long head does cross the shoulder, but its medial
and lateral heads do not. These findings are in agree-
ment with the fact that muscles involved in the motion
of the shoulder entail complex patterns combining rota-
tion, flexion, extension, abduction and adduction of the
arm, thus causing significant bending loading on the
humeral shaft (Kapandji, 2002; Escamilla and Andrews,
2009; Gopura et al., 2010).

Previous studies found a relationship between the de-
velopment of the enthesis of the deltoid and humeral tor-
sion (Carretero et al., 1997), as well as a correlation
between humeral robusticity, represented by a composite
of several cross-sectional properties, and aggregated
entheseal changes of seven major arm muscles (Weiss,
2003). Moreover, a recent analysis indicated the exis-
tence of covariation between torsional rigidity and pec-
toralis major, teres major and deltoid entheses
(Niinim€aki, 2012). The current study shows that overall
muscular development of the arm covaries with humeral

Fig. 2. A: Scatterplot of the first extracted singular axes for
cross-sectional properties and entheseal changes, resulting from
the PLS analysis between these two blocks of variables. These
singular axes explain 96.09% of total covariance. Horizontal
axis: singular axis (SA) for the block corresponding to cross-sec-
tional properties. Vertical axis: singular axis (SA) for the block
corresponding to entheseal changes. B: Loadings for each vari-
able of the block corresponding to entheseal changes. See Table
2 for the entheseal changes abbreviations. C: Loadings for each
variable of the block corresponding to cross-sectional properties.

TABLE 4. PLS analyses between the shape of each section and
selected entheseal changes

Section Selected entheseal changes N RV coefficient P

15% EC, FC, TB, B, BB 58 0.05 0.68
25% EC, FC, TB, B, BB 62 0.04 0.87
35% D, TB, B, BB 61 0.06 0.49
50% PM, D, TB, B, BB 62 0.10 0.07
75% TM, PM, D, TB, BB 62 0.18 <0.001
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rigidity in response to several kinds of loadings, and
emphasizes the fact that most relevant covariance occurs
between muscles involved in shoulder motion and bend-
ing rigidity. The covariance between mid-distal humeral
rigidity and entheseal development of shoulder muscles
suggests that this region may be used to assess the over-
all level of proximal upper-limb mechanical loading.

Relationship between entheseal changes and
diaphyseal shape

According to our results, mechanical loadings derived
from muscular activity covary with diaphyseal shape
only at 75% of humeral length (mid-proximal diaphysis).
This may be related to the fact that a number of power-
ful muscles attach onto the diaphysis around this area
(pectoralis major, teres major, latissimus dorsi, deltoid,
coracobrachialis, and triceps brachii), whereas in the
remaining sections muscular attachment sites are not
that numerous. Of all these muscles, the highest cova-
riation is found for deltoid, pectoralis major and teres
major muscles. Mechanical loadings derived from the ac-
tivity of these muscles lead to mediolaterally flatter and
ventrodorsally broader humeral shapes. The existence of
a relationship between pectoralis major and deltoid
muscles and ventrodorsally diaphyseal broadening had

been previously suggested by Rhodes and Kn€usel (2005).
The implication of teres major in this covariation is also
possible, because all these muscles are involved in the
same muscular chain (Kapandji, 2002; Escamilla and
Andrews, 2009). The ability of these muscles to perform
rotational movements depends, not only on their muscu-
lar power, but also on the distances between muscular
insertion sites and the rotational axis of the arm, which
explains the observed ventrodorsally broader shapes at
75% of humeral length. Therefore, the loadings derived
from the activity of these muscles lead to a mid-proximal
diaphysis with this shape.

Mechanical loading derived from activity was indicated
to be the main cause of entheseal development when
using the scoring method applied here (Galt�es et al.,
2006). Nevertheless, the multifactorial etiology of the
entheseal changes (Benjamin et al., 2002; Alves Cardoso
and Henderson, 2010; Villotte et al., 2010; Villotte and
Kn€usel, 2012) could be partially influencing the lack of
relationship found between entheseal changes and shape
at 15, 25, 35, and 50%. In any case, the lack of covariance
in the mid-distal diaphysis suggests that general robustic-
ity, rather than shape, may be the most meaningful char-
acteristic to assess in this region. Shape at 35% of
humeral length is difficult to interpret (Ruff and Larsen,
2001; Rhodes and Kn€usel, 2005; Sparacello and Marchi,
2008), and so shape measures should not be limited to
this section (Trinkaus et al., 1994). In any case, functional
inferences from long bone cross-sectional shape should be
made with caution (Demes et al., 2001; Ruff et al., 2006).

Relationship between diaphyseal rigidity and
diaphyseal shape

The results indicate that humeral rigidity covaries
with diaphyseal shape only at 75% of bone length.

Fig. 3. A: Scatterplot of the first extracted singular axes for shape of section at 75% and entheseal changes, resulting from the
PLS analysis between these two blocks of variables. These singular axes explain 83.32% of total covariance. Horizontal axis: singu-
lar axis (SA) for the block corresponding to shape at 75%; the semilandmark configurations corresponding to the extremes of the
singular axis for shape (dark lines and points) are plotted against consensus configuration (in gray) and oriented as indicated. Ver-
tical axis: singular axis (SA) for the block corresponding to entheseal changes. B: Loadings for each variable of the block corre-
sponding to entheseal changes. See Table 2 for the entheseal changes abbreviations.

TABLE 5. PLS analyses between shape of each section and
cross-sectional properties (CA, Ix, Iy)

Section N RV coefficient P

15% 56 0.08 0.06
25% 60 0.07 0.08
35% 60 0.06 0.19
50% 60 0.03 0.45
75% 60 0.09 <0.05
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Ventrodorsally broader and mediolaterally flatter dia-
physes in this area are related to increased rigidities,
especially bending rigidities. Shape changes at 75% asso-
ciated to increased rigidities are clearly related to inser-
tions of the more proximal muscles, i.e., pectoralis
major, teres major, and deltoid, which may influence
muscular loadings of the humeral shaft as a whole
(Niinim€aki, 2012). This is confirmed by the abovemen-
tioned reported covariance between entheseal changes of
muscles that cross the shoulder and bending rigidity.

Therefore, in the proximal humerus, shape changes
reflecting muscular development, i.e., insertion sites and
adjacent areas, are related to mechanical loads, and thus
to cross-sectional properties. Cross-sectional properties
do not covary with the shape of the rest of the sections.
At 15 and 25%, the tendons of the flexor and extensor
digitorum communis create ridges on the medial and lat-
eral sides of the diaphysis, respectively. Nevertheless,
the mechanical loading derived from these muscles is
not as relevant as that from the shoulder muscles, and
the results fail to find covariance in this region. At 35%
and 50%, shape does not covary with cross-sectional
properties either, which is consistent with the fact that
there are no large muscle scars in these areas (Aiello
and Dean, 1990). Although the section at 50% may
include the distal end of the deltoid tuberosity, the major
part of the enthesis is more proximal. The shape in these
areas, therefore, is less influenced by the mechanical
loading derived from muscular activity, which is in
agreement with the lack of covariance between entheseal
changes and shape at 15, 25, 35, and 50% of humeral
length. The beam model theory is dependent on nonab-
rupt changes in morphology or loadings, since abrupt
changes create stress concentrations and invalidate the
model (Huiskes, 1982; Daegling, 2002). Therefore, our
findings support the general consensus on choosing 35 or
50% regions to characterize humeral rigidity (Bridges
et al., 2000; Maggiano et al., 2008; Ruff, 2008; Nikita
et al., 2011; Ogilvie and Hilton, 2011).

Classical anthropological studies reconstruct behav-
ioral patterns from mid-distal and mid-shaft diaphyseal
indices of the humerus (robusticity and diaphyseal
index) (Olivier, 1960; Bass, 1971). The results of the cur-
rent study indicate that mid-proximal shape of the hu-
merus is more affected by activity than the rest of the
humeral diaphysis. Therefore, this area should be con-
sidered and analyzed when aiming to reconstruct activ-
ity patterns from skeletal remains.

CONCLUSIONS

This study provides evidence to support the general-
ized assumption of the existence of a relationship
between the shape of the humeral diaphysis, its rigidity
and the upper-limb entheseal changes, although other
parameters, such as hormonal levels, genetic precursors,
bone density and other aspects, could be influencing this
relationship in some measure. The activity patterns of
the studied individuals were decomposed in the enthe-
seal changes of the eleven muscles analyzed in this
paper, and so the mechanical loadings derived from
these muscles, rather than the activity patterns, were
used to determine the covariance between the studied
sets of variables, reducing the effect that the inclusion of
different populations in the sample may have on the out-
comes. Humeri with greater rigidities present more
developed entheseal changes of those muscles that cross
the shoulder. Moreover, the entheseal changes of the
muscles that participate in the rotation of the arm are
more developed in those individuals that have a mid-
proximal humeral diaphysis with a ventrodorsally broad
shape, which in turn have greater diaphyseal rigidities.
This indicates that the mid-proximal diaphysis may be
used to assess the overall level of proximal upper-limb
mechanical loading. Nevertheless, the shape of the dia-
physis of the rest of the humerus does not covary either
with rigidity or with entheseal changes. Large muscular
scars, such as those found in the mid-proximal

Fig. 4. A: Scatterplot of the first extracted singular axes for shape of section at 75% and cross-sectional properties, resulting
from the PLS analysis between these two blocks of variables. These singular axes explain 94.53% of total covariance. Horizontal
axis: singular axis (SA) for the block corresponding to shape at 75%; the semilandmark configurations corresponding to the
extremes of the singular axis for shape (dark lines and points) are plotted against consensus configuration (in gray) and oriented
as indicated. Vertical axis: singular axis (SA) for the block corresponding to cross-sectional properties. B: Loadings for each variable
of the block corresponding to cross-sectional properties.
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diaphyses, seem to be related to diaphyseal shape,
whereas this relationship is not seen for areas with less
direct influences of powerful muscles, e.g., changes in di-
aphyseal morphology caused by local insertions.
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