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Abstract

Objectives: As growth at the periosteal and endosteal surfaces varies with age,

cross-sectional geometric (CSG) properties derived from periosteal (“solid”) contours
may not produce comparable results to those from endosteal and periosteal contours

(“true”), contrary to findings from adults. Error in CSG properties derived from the

“solid” sections is compared with “true” sections in a sample of archeologically

derived skeletons with estimated dental ages ranging from 1.5 months to 23.5 years.

Materials and Methods: Cross sections were extracted from 3D surface models, and

endosteal contours were located from biplanar radiographs for 56 femora and

59 humeri. Polar second moment of area (J), cross-sectional shape (Imax/Imin), and

polar section modulus (Zp) were calculated from solid and true sections. Relationships

between solid and true properties were examined with least squares regression.

Multiple regression examined the effect of age and % cortical area on solid

section CSG error.

Results: While correlations were high (R2 = 0.72–0.99, all p < 0.001), the results indi-

cate that solid CSG properties are not within an acceptable error range (%SEE of

≤8.0, and %PE of ≤5.0) of true CSG. Error was most affected by %CA, while

estimated age was not correlated with %CA, %PE, or percent difference of

true-solid CSG.

Discussion: Periosteal contours alone should not be used to calculate CSG properties

from individuals during the period of growth and development. Variation in bone

growth and/or adaptive responses independent of age may account for the

inconsistent age effects.
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1 | INTRODUCTION

Long bone cross-sectional geometric properties (i.e., diaphyseal robus-

ticity) have become a key means to examine habitual activity in arche-

ological populations, addressing questions about changes to mobility,

division of labor, unimanual versus bimanual activities (e.g., asymme-

try), and other activity related patterns through time and space

(e.g., Cameron & Pfeiffer, 2014; Macintosh et al., 2017; Miller

et al., 2018; Ruff et al., 2015; Shaw & Stock, 2013; Sparacello

et al., 2011; Stock et al., 2013; see also Ruff, 2019 for review).

Throughout life, bone modeling and remodeling deposit and replace

bone tissue around the diaphysis in response to the direction and

magnitude of habitual loading, through a process known as bone

functional adaptation (Lanyon et al., 1982; Lanyon & Rubin, 1984;
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Ruff, 2019; Ruff et al., 2006; Ruff & Hayes, 1983), resulting in changes

to bone size and shape. Measuring the distribution of bone tissue in

cross-section can therefore tell us about how the bone was loaded by

body mass and muscle action over the life course. Bony response to

loading is greatest during growth and development and reduced in adult-

hood, after bone growth is completed, though remodeling continues

(Pearson & Lieberman, 2004; Ruff et al., 1994; Ruff et al., 2006).

The examination of adult diaphyseal robusticity has long domi-

nated studies while immature remains have attracted less attention,

perhaps due to sample size issues, the potential for variation in

growth timing and physiological status to affect cortical bone distribu-

tion, or a lack of attention to children in the archeological record.

Despite these challenges, an increasing recognition that children are

active members of their communities, with important social and eco-

nomic roles, has started to shift attention towards archaeologies of

childhood and adolescence (e.g., Baxter, 2005; Lewis, 2016;

Nowell, 2021). Further, given the central role of the growth and

development period for establishing adult skeletal characteristics,

investigating the habitual activity patterns of immature individuals can

be particularly informative (Pearson & Lieberman, 2004). Several

recent studies (e.g., Cowgill, 2010, 2014; Harrington & Osipov, 2018;

Mizushima et al., 2016; Osipov et al., 2016; Osipov et al., 2020) have

examined diaphyseal robusticity in immature remains from archeologi-

cal and paleoanthropological contexts to understand patterns of activ-

ity in these populations before adulthood. The study of activity

patterns during growth can tell us much about group mobility, when

children started engaging in adult habitual activities, as well as under-

lying factors affecting variation in bone adaptive responses. Examina-

tion of immature diaphyseal robusticity is, therefore, interesting in its

own right.

Physiological stress during the growth and development period

can influence the rate and pattern of bone deposition and resorption

on the periosteal and endosteal surfaces, altering cortical thickness

(Garn, Guzman, & Wagner, 1969; Ruff, Walker, & Larsen, 1994). Thus,

cortical thickness is one measure used to examine stress responses

during growth in archeological samples (Gooderham et al., 2019; May-

s et al., 2009; Temple et al., 2014), but may also impact diaphyseal

cross-sectional properties. In light of the interactions among factors

(e.g., dietary, mechanical) influencing cortical bone thickness and dis-

tribution, Ruff (2019) has demonstrated that a bone with a thin cortex

is actually stronger, relative to one with a thicker cortex, if the bone

tissue is distributed farther from the neutral axis or centroid. For

bending loads, it is the tissue furthest from the neutral axis of the

bone, and for torsion, that from the centroid, that is most subject to

mechanical stress (Jepsen, 2009), therefore it is the location and

shape of the outer (periosteal) contour that most captures loading his-

tory (Macintosh et al., 2013; Ruff, 2019). Sparacello and Pearson

(2010) demonstrate this mathematically in their detailed discussion of

the calculation of bending rigidities (Ix, second moment of area of

x axis). Temple et al. (2014) came to similar conclusions about the abil-

ity of diaphyses to adapt to high mechanical loading in the face of

reductions in bone formation due to malnutrition, while Lazenby

(1990) demonstrates that endosteal resorption due to aging requires

only a small amount of compensatory periosteal bone apposition to

maintain bone function. Further, Eleazer and Jankauskas (2016) dem-

onstrate that bone strength is maintained in individuals with skeletal

evidence of chronic metabolic stress. Their findings are consistent

with Ruff's hypotheses since endosteal bone loss was accompanied

by increased periosteal bone deposition in these chronically stressed

individuals.

Various methods of measuring cross-sectional geometric proper-

ties have been employed and tested. Ideally, one has a direct image of

the endosteal and periosteal contours from a computed tomography

(CT) scan or a fortuitous break in the long bone. While CT scanning is

becoming more accessible to researchers, factors such as cost, curato-

rial policies, or descendant community stipulations can limit the

opportunity to image skeletal material using CT. Stock (2002) also

noted that image resolution in CT scans could influence the reliability

of this method. A common alternative to CT scanning is to create

cross section images by replicating the periosteal contour using either

a ring of casting material (silicone or latex) placed around the diaphysis

or a slice from a 3D surface model of the bone, and locating the corre-

sponding endosteal surface using measurements taken from biplanar

radiographs (in anteroposterior and mediolateral views) (O'Neill &

Ruff, 2004; Ruff, 2019; Sylvester et al., 2010; Trinkaus & Ruff, 1989).

Identifying the location of the endosteal contour in this way enables

reconstruction of the medullary cavity, which may not be concentric

with the periosteal cross-section (Sparacello & Pearson, 2010). X-ray

also requires exposing the skeleton to radiation, which like CT scan-

ning, can be limited by cost, access, or curatorial or descendant com-

munity decisions. Several studies have suggested that cross-sectional

properties can be accurately estimated from periosteal contours only,

such as those derived from 3D surface scans of the bone (Davies

et al., 2012; Sparacello & Pearson, 2010; Stock & Shaw, 2007). Whole

bone scans also allow for the rapid generation of cross sections from

multiple locations along the diaphysis, enabling a more complex exam-

ination of shape and robusticity variation within bones (e.g., Davies &

Stock, 2014; Shaw et al., 2014). The robusticity estimates using peri-

osteal contours have been shown to fall within generally acceptable

error ranges, at least for cross sections near the midshaft (Davies

et al., 2012; Macintosh et al., 2013; Sparacello & Pearson, 2010;

Stock & Shaw, 2007). An important caveat here is that these methods

are considered acceptable (that is, the estimation error is within

acceptable limits) for population level comparisons, not for estimation

of CSG properties for individuals (Ruff & Larsen, 2014; Sparacello &

Pearson, 2010). Macintosh et al. (2013) demonstrated that percentage

cortical area (%CA) has the strongest impact on error associated with

this method and therefore regions towards the proximal or distal ends

of the bone produce higher error. Sparacello and Pearson (2010)

examined the effects of %CA on comparisons of population mean

CSG properties generated using periosteal contours only and found

limited impact of %CA or differences in %CA among populations on

these types of analyses. These studies only examined cross-sectional

properties from skeletons of adults, but they note that because of the

role %CA plays in estimation error from a periosteal-only method, and

the variability in activity at the endosteal surface during both growth
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and development (deposition and resorption) and aging (resorption) of

bone, these methods may not be reliable for juvenile age groups

(Macintosh et al., 2013; Sparacello & Pearson, 2010). The effective-

ness of the periosteal-only method has not been tested on immature

skeletal material.

The current study examines whether cross-sectional geometric

properties in an ontogenetic sample derived from only the periosteal

contour produce acceptable results when compared with properties

including both the periosteal and endosteal contours. Following Mac-

intosh et al. (2013), this study examines the cross-sectional properties

J, the polar second moment of area (a measure of bone torsional rigid-

ity), Zp, the polar section modulus (a measure of torsional and twice

average bending strength), and Imax/Imin, the ratio of the maximum

and minimum second moment areas (perpendicular maximum and

minimum bending rigidities) as an index of diaphyseal shape. The Imax/

Imin ratio provides an indication of the degree of circularity versus

ellipticity of the diaphyseal cross section. Long bones loaded in a dom-

inant direction will have a more elliptical shape, whereas bones loaded

equally in a variety of directions will be more circular. More mobile

population tend to have more elliptical lower limb bone diaphyses

since walking loads the diaphyses predominantly in an antero-

posterior direction (Pearson et al., 2014; Ruff, 1994; Stock &

Pfeiffer, 2001, 2004). Examination of measurement error in cross-

sectional properties derived from the periosteal surface only relative

to those measured from endosteal and periosteal contours, allows for

an assessment of the importance of including the endosteal contour

when considering biomechanical properties in juveniles. As any solid

section (periosteal contour only) will over-estimate cross-sectional

parameters by virtue of containing more bone tissue than a

section with the medullary cavity (periosteal and endosteal contours),

it is not expected that the values from both methods will be equal.

However, the question is whether a consistent developmental trajec-

tory of cross-sectional parameters is found within a sample using both

methods. If so, then periosteal-only methods could be used for com-

parisons among ontogenetic samples. If not, then variation within and

across the developmental period in the rate and pattern of periosteal

bone deposition and endosteal bone resorption may mean that

periosteal-only methods are not reliable for such samples.

2 | MATERIALS AND METHODS

2.1 | Skeletal sample

Fifty-six femora and 59 humeri from a total of 62 individuals were used

for this study. The estimated age at death of these individuals ranges

between 1.5 months to 23.5 years. As this sample includes young adults

whose skeletal growth is complete, the sample represents an ontoge-

netic sample that includes the “endpoint” of growth. Some individuals

had both a femur and humerus present, but preservation issues meant

that both elements could not be analyzed from all individuals. All of the

individuals included in the study were from foraging populations and

thus considered to be highly active. In total, 21 individuals were from

the Later Stone Age southern Africa (age mean [years] = 7.97,

SD = 5.37), and 41 were Sadlermiut from Native Point, Nunavut (age

mean [years] = 7.41, SD = 7.30). The LSA sample represents terrestrial

foragers from savanna, fynbos, and karoo ecosystems, and have dates

ranging from 1860 ± 50 to 220 ± 50 (BP) (Morris, 1992; Pfeiffer &

Harrington, 2011). These skeletons are curated at the Albany Museum

in Grahamstown, South Africa and the McGregor Museum in Kimberley,

South Africa. The Sadlermiut population lived in the Canadian Arctic for

at least 500 years prior to the winter of 1902–03 when they succumbed

to an introduced disease (Merbs, 1983). A group of Sadlermiut individ-

uals from the site of Native Point on Southampton Island have been

radiocarbon dated to a range of 1308–1890 CE (Coltrain et al., 2004).

These skeletons are curated on behalf of the Inuit Heritage Trust at the

Canadian Museum of History in Ottawa, Canada. Ages at death of the

individuals were estimated using the QMUL Atlas of Tooth Develop-

ment and Eruption (AlQahtani et al., 2010). For skeletons missing dental

material, age at death was estimated using sample-specific regression

equations of femur length and/or ilium breadth on dental age (Cardoso

et al., 2014; Cardoso et al., 2017; Cowgill, 2010).

2.2 | Cross-sectional geometry

Three-dimensional digital surface scans were collected using a Konica

Virtuoso structured light scanner or a NextEngine surface laser

F IGURE 1 Digital 3D models of a femur (left) and a humerus
(right) showing the locations (as % length) at which cross sections
were extracted
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scanner, which were then fused into 3D models using GeoMagic

Design X (3D Systems) or ScanStudio (NextEngine Inc.). Cross sec-

tions were extracted from the 3D models at 20%, 35%, 50%, 65%,

and 80% locations along the length of the bone (Figure 1) in

Design X. Given the variation in maturational stages of the femur

and humerus across the age range of the study sample, bone length

was measured as unfused diaphyseal length in individuals without

fused epiphyses, or as total bone length for individuals with one or

more fused epiphyses as diaphysis-only lengths could not be deter-

mined on the 3D bone models for these individuals. This method

of identifying locations on the diaphysis as a percentage of length

differs from other approaches (e.g., Ruff, 2002, 2003a, 2003b).

Diaphyseal cross-sectional images were generated for both the

periosteal contour only (solid) and the periosteal plus endosteal

contours (true) (Figure 2). To create the true images, cortical thick-

nesses of the anterior, posterior, medial, and lateral positions were

measured from biplanar radiographs at each diaphyseal location,

and the endosteal contour was drawn following the periosteal con-

tour (i.e., not as an ellipse) in ImageJ software (Fiji package;

Schindelin et al., 2012; Figure 2). These images are, therefore, still

approximations of a true cross-section, but since they include the

position of the medullary cavity they more accurately represent the

actual bone distribution in the cross-section than do the solid sec-

tions. Cross-sectional geometric properties from both solid and true

cross section images were calculated using the BoneJ plugin for

ImageJ (Doube et al., 2010).

F IGURE 2 Examples of solid (left) and true
(right) cross-sectional images. Locations of the
anterior, posterior, medial, and lateral cortical
measurements used to estimate the endosteal
contour are indicated on the cross-sectional image
on the right

TABLE 1 Descriptive statistics for percent difference (%DIF) for humerus and femur by diaphyseal location

Femur Humerus

Location (%)a n Mean (%) SD Range n Mean (%) SD Range

J

20 53 �50.8 8.9 �68.3, �29.5 49 �34.2 15.3 �63.6, �4.8

35 53 �25.9 9.3 �44.4, �5.3 52 �18.6 10.4 �48.8, �2.4

50 53 �13.5 7.9 �32.2, �2.4 58 �16.4 9.2 �38.7, �2.9

65 54 �15.2 8.1 �37.5, �5.0 54 �21.4 10.4 �45.8, �4.2

80 37 �37.0 14.3 �61.9, �6.7 44 �35.6 14.7 �63.1, �9.5

Zp

20 53 �51.4 9.1 �69.0, �28.2 49 �34.3 15.6 �64.3, �4.3

35 53 �27.3 9.5 �47.9, �6.2 52 �19.1 10.8 �49.4, �2.5

50 53 �13.4 8.1 �33.2, �1.3 58 �16.7 9.2 �39.8, �1.4

65 54 �16.0 8.4 �39.6, �3.0 54 �22.3 10.9 �49.2, �3.8

80 37 �37.8 14.9 �65.9, �7.0 44 �35.4 15.4 �64.0, �9.1

Imax/Imin

20 53 �13.3 7.0 �26.8, 9.1 49 �6.7 6.7 �23.0, 4.8

35 53 �2.8 4.4 �19.4, 13.3 52 �1.4 2.7 �8.7, 7.8

50 53 �0.8 2.8 �8.1, 12.3 58 �3.3 3.6 �12.6, 3.6

65 54 �1.4 3.7 �10.0, 9.7 54 �3.1 4.2 �13.5, 7.4

80 37 �2.1 6.6 �20.0, 13.2 44 �4.9 4.4 �22.8, 7.2

aLocation of cross-section as % of bone length. Zero % is the distal end of the long bone.
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2.3 | Statistical analyses

All statistical analyses were completed using R Version 3.6.1 (R Core

Team, 2019), and examples of the code are provided in the Supple-

mentary Materials. The cross-sectional geometric properties J (polar

second moment of area), Imax/Imin (ratio of second moments of area),

and Zp (polar section modulus) were analyzed at each section location.

The data were transformed using the natural logarithm to correct for

violations of regression assumptions when utilizing the raw data. Dif-

ferences between the true and solid CSG parameters at each location

were investigated in two ways. First, the percentage differences (%

DIF) between the two values (Equation 1) were calculated.

%DIF¼ true� solid
solid

� �
�100 ð1Þ

Second, following Macintosh et al. (2013) ordinary least squares

regression of true parameters onto solid parameters was applied, and

error was quantified using three values: (1) percent standard error of

the estimate (%SEE) for natural log-transformed data following Ruff

(2003c) (Equation 2), (2) absolute percent prediction error (%PE)

(Equation 3), and (3) directional percent prediction error (Bias %PE)

(Equation 4).

%SEE¼ exp SEEþ4:6052ð Þ�100 ð2Þ

%PE¼ observed�estimatedj j
estimated

�100% ð3Þ

Bias%PE¼observed�estimated
estimated

�100% ð4Þ

Percent prediction errors (%PE and Bias %PE) for the true CSG values

were calculated using the measured values (“observed”) and the back-

transformed predictedCSGvalues (“estimated”). Back-transformed values

were not corrected for de-transformation bias since the amount of bias

was determined to be small (<2%). To be consistent with previous studies,

%SEE of ≤8.0, and %PE of ≤5.0 were considered acceptable error rates

(Davies et al., 2012; Macintosh et al., 2013; O'Neill & Ruff, 2004;

Sparacello & Pearson, 2010; Stock, 2002; Stock & Shaw, 2007). The %DIF

provides a measure of error that is independent of the regression analysis

given the affects age variation may have on these relationships. Multiple

linear regression analyses were performed for both J and Zp to test the

effects of percent cortical area (%CA= (cortical area/total area)� 100%),

Imax/Imin, and age on the estimation of true parameters from those derived

using only the periosteal contour. The relationships of age with %DIF, %

CA,%PE, and Bias%PEwere examined through correlation analyses.

TABLE 2 Results of linear regression of true cross-sectional geometry (CSG) on solid CSG properties

Femur Humerus

Locationa R2 b0 b1 95% CI¶ p-Value§ R2 b0 b1 95% CI¶ p-Value§

J solid vs. J true

80 0.976 �1.52 1.11 1.05–1.17 <0.001 0.950 �0.96 1.06 0.99–1.14 <0.001

65 0.996 �0.01 0.98 0.96–1.00 <0.001 0.988 �0.33 1.01 0.98–1.04 <0.001

50 0.998 0.11 0.97 0.95–0.98 <0.001 0.994 �0.01 0.97 0.95–1.00 <0.001

35 0.993 �0.10 0.98 0.95–1.00 <0.001 0.991 0.07 0.96 0.93–0.98 <0.001

20 0.982 �0.84 1.01 0.97–1.05 <0.001 0.958 �0.83 1.05 0.99–1.12 <0.001

Zp solid vs. Zp true

80 0.957 �1.68 1.17 1.09–1.26 <0.001 0.913 �0.96 1.08 0.98–1.19 <0.001

65 0.992 �0.04 0.98 0.95–1.00 <0.001 0.977 �0.40 1.02 0.98–1.07 <0.001

50 0.995 0.09 0.96 0.94–0.98 <0.001 0.988 �0.09 0.98 0.95–1.01 <0.001

35 0.986 �0.17 0.98 0.94–1.01 <0.001 0.980 0.03 0.95 0.91–0.99 <0.001

20 0.968 �0.86 1.02 0.96–1.07 <0.001 0.921 �0.84 1.07 0.98–1.16 <0.001

Imax/Imin solid vs. Imax/Imin true

80 0.711 �0.03 1.02 0.79–1.24 <0.001 0.923 0.00 0.90 0.82–0.98 <0.001

65 0.946 0.02 0.89 0.83–0.95 <0.001 0.933 0.02 0.89 0.82–0.96 <0.001

50 0.957 �0.01 0.99 0.93–1.05 <0.001 0.953 0.00 0.91 0.86–0.96 <0.001

35 0.875 0.00 0.88 0.78–0.97 <0.001 0.938 0.00 0.92 0.85–0.99 <0.001

20 0.897 0.03 0.72 0.65–0.78 <0.001 0.795 �0.01 0.90 0.76–1.03 <0.001

Notes: b0, regression constant; b1, regression coefficient.
aLocation of cross-section as % of bone length. Zero % is the distal end of the long bone.
§p-Value of model.
¶95% confidence interval for the regression coefficient (slope); if the CI does not include 1.0 then the relationship is non-isometric at p < 0.05; CI <1.0

indicates negative allometry, CI >1.0 indicates positive allometry.
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3 | RESULTS

3.1 | Percentage differences

The percent differences (%DIF) between the true and solid CSG

parameters (J, Zp, and Imax/Imin) are summarized in Table 1. Patterns

are generally similar for both the humerus and femur, and all %DIFs

are negative values, as expected. For all three parameters, mean %DIF

is lowest at midshaft and increases at locations toward the ends of

the long bone, as does the variability in %DIF—in general—as illus-

trated by the standard deviation and range values. Mean %DIFs are

quite large for J and Zp, ranging from �13.4% to �51.4%. The 20%

location of the femur shows a substantial increase for both parame-

ters (J mean = �50.8%, Zp mean = �51.4%) relative to the other

locations.

3.2 | Bivariate regression and error

The results of the bivariate linear regression and error analyses are

provided in Tables 2 and 3, respectively. For both the humerus and

femur, all three CSG parameters (J, Zp, Imax/Imin) show similar results.

The relationships between the true and solid values are strongest near

the midshaft (50% location, R2 range = 0.953–0.998), and weaker

toward the ends of the diaphysis (20% and 80% locations, R2

range = 0.711–0.976). These relationships are also predominantly iso-

metric (95% confidence interval of the slope includes 1.0), except for

Imax/Imin where negative allometry is more prevalent. Despite the

strength of these relationships, the error rates are only within accept-

able limits for Imax/Imin except for the 20% location of the humerus (%

SEE = 7.54; %PE = 5.85). No diaphyseal locations produce acceptable

error rates for J and Zp. Error rates increase with distance from the

midshaft (50%), and are slightly greater for the humerus relative to

the femur. Average directional prediction errors (Bias %PE) are vari-

able for both bones (range = 0.03–3.11), though the trend for all

parameters is for error to be lowest and slightly positive toward the

midshaft, with higher positive bias toward the diaphyseal ends

(i.e., models underestimate the true CSG parameter). However, while

mean error is near zero, the large standard deviations indicate sub-

stantial variation in individual error values and no consistent patterns

of over- or underestimation of true values.

3.3 | Multiple regression

The results of the multiple linear regression analyses are provided in

Table 4. At all locations on both bones, the solid CSG parameter

and %CA are significant predictors for true J and Zp values

TABLE 3 Error statistics for prediction of true CSG property from solid CSG property

Femur Humerus

Locationa %SEEb

%PE Bias %PE

%SEEb

%PE Bias %PE

Mean SD Mean SD Mean SD Mean SD

J solid vs. J true

80 22.35 17.25 9.77 1.92 19.94 28.21 19.68 12.89 2.84 23.54

65 10.23 7.28 5.60 0.44 9.23 15.04 10.89 7.47 0.91 13.26

50 8.28 5.84 4.85 0.30 7.63 11.75 8.57 6.13 0.58 10.58

35 13.11 9.89 6.88 0.72 12.10 13.32 9.04 7.25 0.72 11.64

20 20.67 14.46 11.34 1.67 18.41 26.74 19.69 11.68 2.63 22.92

Zp solid vs. Zp true

80 23.87 17.92 10.28 2.13 20.76 29.71 20.75 13.17 3.11 24.58

65 10.81 7.95 5.59 0.49 9.77 15.97 11.42 8.13 1.02 14.07

50 8.83 6.31 5.08 0.34 8.14 12.15 8.86 6.29 0.62 10.91

35 13.99 10.81 6.95 0.82 12.91 14.54 10.20 7.36 0.85 12.63

20 21.39 14.83 11.82 1.78 18.99 27.65 19.88 12.47 2.78 23.47

Imax/Imin solid vs. Imax/Imin true

80 7.32 4.98 4.55 0.23 6.79 4.70 2.88 3.23 0.10 4.35

65 3.49 2.48 2.34 0.06 3.43 4.07 3.16 2.28 0.08 3.92

50 2.79 1.82 2.08 0.04 2.77 3.51 2.61 2.12 0.06 3.38

35 4.47 2.97 3.10 0.09 4.31 2.59 1.76 1.82 0.03 2.54

20 5.31 3.90 3.36 0.11 5.13 7.54 5.85 3.92 0.25 7.08

aLocation of cross-section as % of bone length. Zero % is the distal end of the long bone.
b%SEE from the linear regression of true CSG property on solid CSG property (see Table 2).
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(p < 0.001). At the 35%, 50%, and 80% locations on the humerus,

true Imax/Imin is a significant predictor of Zp (p ≤ 0.05), but only at

the humerus 80% location (p = 0.029) for J. True Imax/Imin is not a

significant predictor at any location of the femur for either parame-

ter. Age is also not a significant predictor of true CSG parameters,

with the exception of J at the 50% and 20% locations of the femur

(p = 0.012, 0.020, respectively); however, multicollinearity assess-

ments indicate substantial relationships between age and the CSG

parameters (see Table S1). Further, if more a conservative alpha

value is adopted due to the multiple tests undertaken

(e.g., α = 0.001 or even α = 0.01), neither age nor Imax/Imin remain

significant predictors for any model.

3.4 | Correlations with estimated age-at-death

Relationships between estimated age, and %CA, %DIF, and prediction

error (%PE and Bias %PE) were investigated through correlation ana-

lyses. Overall, age does not appear to be consistently correlated with

%CA across bone locations for either the humerus or femur (Table 5,

TABLE 4 Multiple regression results of true CSG properties on solid CSG properties, estimated age, percent cortical area, and diaphyseal
shape

Femur Humerus

J Zp J Zp

Locationa Variable R2 p-Value R2 p-Value R2 p-Value R2 p-Value

80 Solid 0.998 <0.001 0.994 <0.001 0.997 <0.001 0.995 <0.001

Age – 0.162 – 0.109 – 0.252 – 0.209

%CAb – <0.001 – <0.001 – <0.001 – <0.001

Imax/Imin – 0.084 – 0.187 – 0.029 – 0.006

65 Solid >0.999 <0.001 0.999 <0.001 0.999 <0.001 0.998 <0.001

Age – 0.302 – 0.997 – 0.985 – 0.170

%CA – <0.001 – <0.001 – <0.001 – <0.001

Imax/Imin – 0.294 – 0.960 – 0.644 – 0.066

50 Solid >0.999 <0.001 >0.999 <0.001 >0.999 <0.001 0.999 <0.001

Age – 0.012 – 0.418 – 0.065 – 0.364

%CA – <0.001 – <0.001 – <0.001 – <0.001

Imax/Imin – 0.465 – 0.055 –– 0.053 – 0.033

35 Solid >0.999 <0.001 0.999 <0.001 0.999 <0.001 0.998 <0.001

Age – 0.065 – 0.244 – 0.345 – 0.420

%CA – <0.001 – <0.001 – <0.001 – <0.001

Imax/Imin – 0.491 – 0.093 – 0.134 – 0.009

20 Solid 0.999 <0.001 0.998 <0.001 0.997 <0.001 0.992 <0.001

Age – 0.020 – 0.120 – 0.512 – 0.453

%CA – <0.001 – <0.001 – <0.001 – <0.001

Imax/Imin – 0.795 – 0.532 – 0.530 – 0.378

Notes: p-Values < 0.05 are italicized.
aLocation of cross-section as % of bone length. Zero % is distal end of long bone.
bPercent cortical area.

TABLE 5 Results of correlation analysis of estimated age and
percent cortical area

Locationa r 95% CI p-Value

Femur

80 0.58 0.31, 0.76 0.000

65 �0.18 �0.43, 0.09 0.196

50 �0.47 �0.66, �0.23 0.000

35 �0.25 �0.48, 0.02 0.075

20 0.03 �0.24, 0.30 0.826

Humerus

80 0.32 �0.03, 0.56 0.032

65 0.21 �0.06, 0.45 0.124

50 �0.16 �0.40, 0.10 0.229

35 �0.28 �0.52, 0.01 0.041

20 0.46 0.21, 0.66 0.001

Notes: p-Values < 0.05 are italicized.
aLocation of cross-section as % of bone length. Zero % is the distal end of

the long bone.
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Figures 3 and 4; Figures S1 and S2 break these down by sub-sample).

For the humerus, the 80%, 35% and 20% locations show low to mod-

erate correlations, and in opposite directions (80% r = 0.32,

p = 0.032; 35%: r = �0.28, p = 0.041; 20%: r = 0.46, p = 0.001), and

for the femur only the 80% and 50% locations show moderate corre-

lations, again in opposite directions (80%: r = 0.58, p < 0.001; 50%

TABLE 6 Results of correlation analysis of estimated age and percent error

%DIF %PE Bias %PE

Locationa r 95% CI p-Value r 95% CI p-Value r 95% CI p-Value

J

Femur

80 0.58 0.32, 0.76 <0.001 0.14 �0.19, 0.45 0.390 0.15 �0.18, 0.45 0.382

65 �0.15 �0.40, 0.12 0.264 0.13 �0.14, 0.38 0.348 0.13 �0.14, 0.38 0.353

50 �0.43 �0.63, �0.18 0.001 0.34 0.08, 0.56 0.013 0.10 �0.18, 0.36 0.496

35 �0.23 �0.47, 0.04 0.102 0.01 �0.26, 0.28 0.963 0.03 �0.24, 0.30 0.838

20 0.10 �0.17, 0.36 0.465 �0.20 �0.44, 0.08 0.161 0.03 �0.24, 0.30 0.846

Humerus

80 0.37 0.08, 0.60 0.013 �0.26 �0.52, �0.03 0.080 0.15 �0.15, 0.43 0.329

65 0.22 �0.05, 0.46 0.112 �0.02 �0.25, 0.29 0.884 0.12 �0.15, 0.38 0.370

50 �0.13 �0.38, 0.13 0.324 0.16 �0.11, 0.40 0.201 0.16 �0.11, 0.40 0.242

35 �0.22 �0.47, 0.05 0.052 0.09 �0.19, 0.35 0.533 0.17 �0.11, 0.42 0.240

20 0.45 0.20, 0.65 0.001 0.14 �0.15, 0.40 0.340 0.27 �0.01, 0.51 0.061

Zp

Femur

80 0.58 0.31, 0.76 <0.001 0.13 �0.20, 0.44 0.438 0.13 �0.21, 0.46 0.460

65 �0.12 �0.37, 0.16 0.404 0.10 �0.16, 0.36 0.442 0.11 �0.16, 0.37 0.424

50 �0.36 �0.057, �0.10 0.008 0.33 0.07, 0.55 0.015 0.12 �0.15, 0.38 0.389

35 �0.16 �0.41, 0.12 0.257 0.08 �0.20, 0.34 0.573 0.03 �0.24, 0.29 0.849

20 0.09 �0.18, 0.35 0.525 �0.20 �0.45, 0.07 0.142 0.01 �0.26, 0.28 0.962

Humerus

80 0.39 0.10, 0.61 0.009 �0.34 �0.58, �0.05 0.023 0.17 �0.13, 0.45 0.261

65 0.27 0.00, 0.50 0.049 �0.01 �0.14, 0.38 0.353 0.13 �0.14, 0.38 0.353

50 �0.01 �0.26, 0.25 0.969 0.04 �0.21, 0.30 0.752 0.16 �0.10, 0.40 0.227

35 �0.15 �0.41, 0.12 0.276 0.08 �0.20, 0.34 0.590 0.17 �0.11, 0.42 0.233

20 0.46 0.21, 0.66 0.001 0.17 �0.11, 0.43 0.239 0.28 �0.00, 0.52 0.050

Imax/Imin

Femur

80 0.39 0.08, 0.64 0.016 �0.22 �0.51, 0.11 0.183 0.39 0.07, 0.63 0.018

65 0.12 �0.15, 0.38 0.372 0.37 0.11, 0.58 0.006 0.14 �0.13, 0.39 0.315

50 0.11 �0.16, 0.37 0.431 0.42 0.18, 0.62 0.001 0.11 �0.17, 0.37 0.437

35 0.50 0.26, 0.68 <0.001 0.07 �0.20, 0.33 0.617 0.30 0.03, 0.52 0.031

20 0.55 0.34, 0.72 <0.001 �0.15 �0.40, 0.12 0.280 0.27 0.00, 0.50 0.050

Humerus

80 0.03 �0.27, 0.32 0.846 �0.24 �0.50, 0.06 0.117 �0.11 �0.40, 0.19 0.467

65 �0.13 �0.39, 0.14 0.339 �0.27 �0.50, �0.01 0.046 �0.10 �0.35, 0.18 0.493

50 �0.19 �0.43, 0.07 0.144 �0.12 �0.37, 0.14 0.350 0.01 �0.25, 0.27 0.929

35 �0.01 �0.28, 0.26 0.936 �0.08 �0.34, 0.20 0.581 0.05 �0.22, 0.32 0.718

20 0.20 �0.09, 0.45 0.170 0.11 �0.18, 0.38 0.447 0.20 �0.08, 0.46 0.165

Notes: p-Values < 0.05 are italicized.
aLocation of cross-section as % of bone length. Zero % is the distal end of the long bone.
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F IGURE 5 Bivariate plot of percent difference: True - solid CSG (%DIF) and estimated age at death (years) at five diaphyseal locations of the
femur. CSG parameters are a) J, b) Zp, and c) Imax/Imin
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F IGURE 6 Bivariate plot of percent difference: True - solid CSG (%DIF) and estimated age at death (years) at five diaphyseal locations of the
humerus. CSG parameters are a) J, b) Zp, and c) Imax/Imin
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r = �0.45, p < 0.001). Table 6 provides the correlation results for %

DIF, %PE, and Bias %PE with age. For all three error measures, where

present, correlations are low to moderate in strength and often occur

in opposite directions, increasing and decreasing error at different

locations on the bone. For example, for %DIF the 80% location of the

femur shows significant positive correlations with age for both J and

Zp, whereas the 50% location shows negative correlations. Diaphyseal

shape (Imax/Imin) only displays significant correlations of %DIF with

age for the distal femur (35% and 20% locations), while the humerus

shows no correlations. The patterns of correlations for %PE and Bias

%PE are more erratic across CSG parameters and diaphyseal locations.

With a more conservative alpha value (e.g., α = 0.001 or even

α = 0.01), few of these relationships remain statistically significant

supporting the overall conclusion that estimated age is generally not

correlated with %CA or error. When broken down by sub-sample

(Later Stone Age and Sadlermiut) there are differences between the

groups in %CA by age which likely produce the differences in error,

but what underlies the sub-sample differences is %CA – the effect of

%CA on error remains consistent in both groups (see Section 4 and

Supplemental Materials).

Figures 5 and 6 illustrate %DIF across age in the sample

(Figures S3 and S4 provide sample specific relationships). For J and

Zp the 50% and 65% locations of the femur, and 35% and 50% loca-

tions of the humerus show similar patterns—a rapid increase in the

%DIF across infancy, followed by a leveling off at around 6–7 years

of age. The 65% location of the humerus appears to catch up to the

35% and 50% locations around this time as well. The remaining loca-

tions are much more variable across age and with larger %DIF

values. Imax/Imin shows lower %DIF and more consistency across age

for the 35%, 50% and 65% locations of both bones. There is also

high variability in %DIF for a given age, as evidenced by the broad

scatter of data points in these figures (see also %DIF SD and range

in Table 1). Plots of %PE and Bias %PE with age are provided in

Figures S5–S12.

4 | DISCUSSION

This study investigated whether the use of solid cross-sections

(including only the periosteal contour) would produce CSG values

within an acceptable error range of true values (calculated including

the periosteal and endosteal contours) for immature femora and

humeri. Given the results, the use of periosteal-only contours (solid

cross-section) for estimation for CSG properties in immature skeletal

samples cannot be recommended. For J and Zp, no diaphyseal location

produced error rates within acceptable limits. Error was slightly higher

at all locations for the humerus than for the femur, though the differ-

ences tended to be minor. The diaphyseal shape index (Imax/Imin) did

produce error rates in the acceptable range for almost all locations for

both bones. There was also little directional bias in the %PE for most

measures, suggesting no consistent pattern of under- or overestima-

tion of a CSG value in the solid cross-sections. The lower error for the

shape index is not surprising since it is a ratio of two parameters, the

maximum and minimum second moments of area, respectively, and

we might expect the effect of ignoring the endosteal contour for the

calculation of the solid cross-section values would be similar for both

Imax and Imin, keeping the ratio between them similar compared with

the ratio of the true values (Ruff & Larsen, 2014; Stock &

Shaw, 2007). However, given the high error seen in the solid CSG

values for J and Zp, the values of Imax and Imin themselves would likely

also contain substantial error, rendering them unreliable on their own.

Unless the only goal of an analysis was to compare diaphyseal shapes,

there appears to be little justification for using solid cross-sections for

immature samples.

In addition to error measured in relation to the linear regression

model of true and solid cross-section CSG parameters, error was also

measured as the percent difference between true and solid values (%

DIF). This measure too showed high error for J and Zp, but lower for

diaphyseal shape. As the relationship between %DIF and age appears

to stabilize for J and Zp at around age 6–7 years (Figures 5 and 6), it

TABLE 7 Descriptive statistics for
percent cortical area for ontogenetic
study sample and adults from Macintosh
et al. (2013)

Current study ontogenetic sample Adults (Macintosh et al., 2013)

Locationa n Mean (%) Range (%) CVb Mean (%) Range (%)

Femur

80 37 41.4 22.8–74.0 30.0 52.4 43.3–67.7

65 54 63.1 38.7–79.9 16.2 79.6 59.2–85.1

50 53 65.5 43.5–85.8 16.6 80.7 68.8–87.1

35 53 51.0 34.0–78.0 19.6 68.8 57.3–77.4

20 53 30.3 18.1–46.1 21.8 47.8 36.6–57.5

Humerus

80 44 45.0 21.1–71.3 32.7 49.2 40.7–59.9

65 54 59.6 32.5–79.9 21.0 64.3 54.5–76.2

50 58 62.6 38.6–84.3 18.3 69.4 59.9–77.4

35 52 56.3 30.3–85.3 19.9 72.8 64.0–84.5

20 49 42.5 20.6–78.3 30.0 75.3 60.8–87.3

aLocation of cross-section as % of bone length. Zero % is the distal end of the long bone.
bCoefficient of variation = (standard deviation/mean) � 100.
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may be questioned whether solid cross-sections could be a valid alter-

native for immature samples from mid-childhood and older. To test

this, true CSG was regressed on solid CSG using a reduced sample of

individuals of 6.5 years and older (Tables S3 and S4). However, while

%SEE and %PE did decrease somewhat across the CSG parameters

and locations, the only parameters that fall within the acceptable

limits remain Imax/Imin for all locations except 80% on both bones.

Sparacello and Pearson (2010) and Macintosh et al. (2013) both

found that %CA had the most impact on differences between true

and solid CSG values. That is, lower %CA results in higher error. For

the ontogenetic sample in the current study this was also the case, as

%CA had the largest effect, after true CSG, in the multiple regression

analyses. The fact that age produced inconsistent results in these

regressions, and accounts for only a small amount of the model varia-

tion where it is significant suggests that any age-related effects are

largely mediated through variation in %CA. As well, for all three CSG

parameters, error rates are lowest near midshaft (e.g., 50%), and

higher towards the proximal/distal ends (e.g., 80% and 20%). Cortical

thickness, and therefore %CA, is greater near the midshaft than

towards the ends of the diaphysis (Table 7), which may account for

this pattern in the error rates along the bone. Further, variation in %

CA (e.g., coefficient of variation) is also higher at locations further

from midshaft, where error is greater. Work in progress will further

investigate the patterns of %CA with age.

Table 7 compares %CA mean, ranges, and CVs from the current

study with those for the adults of Macintosh et al.’s (2013) sample.

Maximum %CA in the ontogenetic sample is similar or even greater

than that seen in the adults, however the mean and minimum %CA

are substantially lower in our sample at all locations. Percent cortical

area does not increase consistently with age in the ontogenetic sam-

ple, therefore the difference in %CA mean and range compared with

the adult sample is not accounted for by age-related increases in %

CA. Differences among the populations in activity levels and forms

may underlie some of this variation in %CA. The samples in the cur-

rent study represent two populations of foragers, while the sample

used by Macintosh et al. (2013) represented village agriculturalists

(#36 Morris Farms of the Oneota cultural tradition). While agricultural

subsistence has been found to be associated with reductions in long

bone robusticity relative to forager populations, largely due to

reduced mobility (Macintosh et al., 2015; Ruff et al., 1984; Sparacello

et al., 2011; Sparacello & Marchi, 2008), this is not universally the case

and often varies by sex (Macintosh et al., 2017; Ruff, 1987). Cowgill

(2010) examined long bone CSG properties of immature skeletons in a

wide range of populations from the Late Pleistocene and Holocene of

varying subsistence strategies and while there were differences

among the samples, there was not a consistent pattern of differences

based on subsistence strategy. There are, of course, other factors that

may underlie differences in %CA among populations, such as nutri-

tional or other physiological stress, or genetic factors. An additional

source of error may be variable morphology captured at locations

towards the epiphyseal ends. For some individuals, bony structures

such as the developing deltoid tuberosity of the humerus and the

lesser trochanter of the femur may be included at the 80% location,

which Macintosh et al. (2013) suggest may result in variation in the

true location of the centroid, resulting in larger differences between

true and solid CSG estimations. This problem may be exaggerated in

immature skeletal material.

While previous studies have found acceptable error rates in adult

skeletal samples, in immature individuals, where bone growth is still in

progress, varying rates of bone deposition and resorption on the peri-

osteal and endosteal surfaces may result in larger differences between

solid and true CSG values. In adults, significant subperiosteal bone

cannot be added so only endosteal resorption is affected

(Ericksen, 1976; Frisancho et al., 1970; Garn, 1970; Garn et al., 1967;

Garn et al., 1969; Lazenby, 1990; Pearson & Lieberman, 2004; Ruff

et al., 1994). However, at different points of the growth and develop-

ment period, bone adaptive responses vary. Late adolescents and

young adults, those near or just following the adolescent growth

spurt, respond to loading by depositing bone on both the endosteal

and periosteal surfaces, while prior to the growth spurt, children

increase subperiosteal bone deposition but reduce the rate of endos-

teal bone resorption rather than adding bone to this surface (Bass

et al., 2002; Pearson & Lieberman, 2004; Ruff et al., 1994). Given this,

we may have expected %DIF, %PE, and Bias %PE to be correlated

with age, but this appears not to be the case. In addition, the limited

effect of estimated age on the regression models, once variation

accounted for by %CA is controlled for, suggests that age alone does

not play a consistent role in generating error. These results indicate

that magnitude of error is not constant across the growth and devel-

opment period perhaps due to variation in bone growth rate and tim-

ing, and/or in bone adaptive responses independent of age.

Ultimately, there are numerous sources of inter-individual variation in

%CA among individuals, and even more so for immature individuals,

which results in variation in rate of periosteal deposition and endos-

teal resorption. These include sex-related differences in the timing

and rate of age-related changes to these processes, and when one is

working with archeological samples, age at death is estimated, and sex

is generally unknown.

This study has shown that when measuring CSG parameters in an

ontogenetic sample, it is necessary to include the location of the end-

osteal contour. Methods of CSG measurement that utilize only the

periosteal contour are not recommended, except perhaps if interest is

only in diaphyseal shape (Imax/Imin). Given that previous studies have

shown solid CSG measurements to be within acceptable error limits

for adult samples (Davies et al., 2012; MacIntosh et al., 2014; Stock &

Shaw, 2007), there is likely a point during later ontogeny where error

in periosteal-only CSG parameters is sufficiently reduced for use in

biomechanical analyses. Future research with larger samples of ado-

lescents should focus on identifying when that occurs.
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