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Abstract
Recent quantitative analyses of human bone microanatomy, as well as theoretical models that propose bone microstructure 
and gross anatomical associations, have started to reveal insights into biological links that may facilitate remodeling pro-
cesses. However, relationships between bone size and the underlying cortical bone histology remain largely unexplored. 
The goal of this study is to determine the extent to which static indicators of bone remodeling and vascularity, measured 
using histomorphometric techniques, relate to femoral midshaft cortical width and robusticity. Using previously published 
and new quantitative data from 450 adult human male (n = 233) and female (n = 217) femora, we determine if these aspects 
of femoral size relate to bone microanatomy. Scaling relationships are explored and interpreted within the context of tissue 
form and function. Analyses revealed that the area and diameter of Haversian canals and secondary osteons, and densities 
of secondary osteons and osteocyte lacunae from the sub-periosteal region of the posterior midshaft femur cortex were 
significantly, but not consistently, associated with femoral size. Cortical width and bone robusticity were correlated with 
osteocyte lacunae density and scaled with positive allometry. Diameter and area of osteons and Haversian canals decreased 
as the width of cortex and bone robusticity increased, revealing a negative allometric relationship. These results indicate 
that microscopic products of cortical bone remodeling and vascularity are linked to femur size. Allometric relationships 
between more robust human femora with thicker cortical bone and histological products of bone remodeling correspond 
with principles of bone functional adaptation. Future studies may benefit from exploring scaling relationships between bone 
histomorphometric data and measurements of bone macrostructure.
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Abbreviations
Ct.Wi	� Cortical width
Ct.Wi.RI	� Cortical width robusticity index
N.On	� Intact osteon density
N.On.Fg	� Fragmentary osteon density
OPD	� Osteon population density
On.Ar	� Osteon area
H.Ar	� Haversian canal area

H.Dm	� Haversian canal diameter
Ot.Dn	� Osteocyte lacunae density
RMA	� Reduced major axis regression

Introduction

Analyses of bone microstructure can offer insights into skel-
etal growth, metabolism and structure–function adaptive 
relationships [1–3]. More specifically, histomorphometric 
examination yields remodeling data that can be evaluated 
in relation to mechanical loading history, diet, and disease 
[e.g., 4–7], and has been of particular importance in studies 
investigating the relationship between ontogeny, age-related 
disease, and bone modeling and remodeling [e.g., 8–10]. 
Recently, we [2] reported significant positive and negative 
correlations between different static histomorphometric 
variables that relate to bone remodeling associated with 
mechanical stimuli. However, relationships between bone 
gross anatomy and the underlying bone microstructure 
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remain largely unexplored. Therefore, the present study 
builds upon this previous work, and examines the scaling 
relationships between the size of the femur when measured 
at the mid-shaft region, and the underlying histomorphomet-
ric data [2]. Our goal is to investigate the extent to which 
static histomorphometric evidence of cortical bone remod-
eling and vascularity relates to midshaft cortical width (Ct.
Wi),1 and a femoral robusticity index (Ct.Wi.RI) calculated 
from Ct.Wi data. We aim to provide insights into the com-
plex relationship between outer and inner bone anatomy in 
relation to biological (metabolic and functional) processes. 
The modern human sample in our study is unique, deriving 
from a large well-preserved recent archaeological skeletal 
collection curated at the University of Kent (UK). Usually, 
except for diagnostic bone biopsies taken from patients [e.g., 
12], research into cortical histomorphometric variation in 
humans relies on smaller samples of cadavers [e.g., 5–7], 
or comparative experimental studies utilizing non-human 
animal models [e.g., 8]. In addition to revealing relationships 
between the size of a femur and the underlying products 
of bone remodeling, the present study extends previously 
reported human cortical histomorphometric data [2].

Form and function of limb long bones

The biomechanical properties of lower limb long bone dia-
physis are best explained using basic structural engineering 
principles [13, 14]. Large mechanical stress sustained by 
the human leg will be accommodated by periosteal expan-
sion, strengthening bone tissue and minimizing fracture 
risk [15]. Previous experimental studies have demonstrated 
bone enlargement under dynamic and/or repetitive mechani-
cal loading regimes, and a decline in bone mass when load 
bearing is removed [e.g., 16, 17]. Based upon these types of 
correlations, cross-sectional thickness or width of the cortex, 
robusticity index, measurements of area moments of inertia, 
or simple cross-sectional geometry, have all served as prox-
ies for the functional adaptation of the human femur [see 18 
for evaluation].

At the histological level, when examined in a transverse 
plane, products of cortical remodeling may be informative of 
functional adaptation [e.g., 1–3, 7]. These include geometric 
properties (e.g., surface area, diameter, shape circularity) of 
secondary osteons (hereafter ‘osteons’) and Haversian canals 
(indicative of bone vascularity), as well as densities of oste-
ons and osteocyte lacunae [19]. By summing the number 

of fragmentary and intact osteons, a total osteon popula-
tion density can be estimated for an examined section area, 
indicating an average number of bone remodeling products, 
serving as a proxy for bone density [2, 19]. Similarly, osteo-
cytes (in living bone), or osteocyte lacunae (in preserved 
ancient bone) can be totaled per section area to indicate aver-
age density and, by extension, reflect an approximate rate 
of osteocyte proliferation [2, 20]. These variables may then 
be linked to bone functional adaptation given the mechano-
sensing properties of osteocytes [21]. Relatively smaller or 
larger osteon and Haversian canal area and diameter meas-
urements represent transverse cross-sectional surfaces of 
bone microstructure, and may indicate how fast or slow, and/
or frequently cortical bone is filled by basic multicellular 
units [22]. Indeed, previous human and non-human animal 
research demonstrated higher osteon and osteocyte lacunae 
densities, and smaller osteons and Haversian canals at bone 
sites associated with larger strain, mechanical stress, or type 
(direction) of mechanical load [e.g., 22–28].

Given that modeling of the human skeleton ceases almost 
completely with the onset of adulthood, information about 
the underlying remodeling activity can be mainly accessed 
using microscopic methods. Although it is estimated that 
only an approximate 30% of overall remodeling activity 
relates to micro-damage repair [29], the accumulation of 
bone remodeled in response to function should manifest dif-
ferently when evaluating the same bone type of different 
sizes. However, limited empirical research has been under-
taken investigating direct bone macro- and microscopic 
scaling relationships in human bone. Recent mathematical 
theoretical models of remodeling demonstrated that mean 
biomechanical stress nonuniformity has an important role in 
trabecular bone functional adaptation [30]. Experimentally, 
initial links have been identified between bone robusticity 
and cortical remodeling, warranting further investigation 
[31–34]. For example, using multiple methods applied to 
ten human cadaveric tibiae, Goldman et al. [31] showed 
that bone robusticity had an effect on cortical remodeling 
by increasing the number and size of osteons. It was sug-
gested that remodeling may be subject to global signaling 
that influences bone robusticity. Another recent study [32] 
demonstrated that differences in bone mass attainment due 
to sexual dimorphism may not be entirely representative 
of the classic perception that females attain more slender 
bones than males. Using a large sample (n = 241) of femora 
derived from an anthropological skeletal collection, Jepsen 
et al. [32] showed that, in fact, bone mass is relative to sex-
specific body and bone size. This is supported by an earlier 
study suggesting similar bone mechanical properties for dif-
ferent bone size in males and females [33]. Finally, using 
115 adult human long bones, Schlecht and Jepsen [34] indi-
cated co-variance between bone robusticity and strength/
stiffness, highlighting the fact that meaningful analyses of 

1  For the sake of clarity, and to ensure that our study follows stand-
ard histomorphometry nomenclature [11], we refer to the cortical 
distance between the endosteum and periosteum as ‘cortical width’ 
(defining transverse 2D measurements of diaphyseal cortex) rather 
than ‘cortical thickness’ (implying 3D measurements) [e.g., 24].
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skeletal traits may be best achieved when multiple aspects 
of bone functional adaptation (e.g., size, volume, stiffness) 
are considered together. Therefore, these studies have begun 
to indicate clear relationships between bone microanatomy 
and gross morphology. Recently, we [2] reported a series 
of positive and negative correlations between classic static 
histomorphometric variables representing products of cor-
tical remodeling in the human midshaft femur. Here, these 
data are analyzed in relation to femoral cortical width and its 
associated femoral robusticity in the same sample, extend-
ing the original findings. Two predictions are investigated 
by exploring scaling relationships between bone metabolic 
and structural change:

Predictions:

(a)	 Functional relationships: if femoral diaphyseal cortical 
properties are influenced and/or underlie mechanically 
induced remodeling, the following basic engineering 
principles apply—(1) osteon and osteocyte lacunae 
densities should correlate with an increase in cortical 
width and femoral robusticity and scale with positive 
allometry, but (2) osteon and Haversian canal size and 
diameter should correlate with an increase in cortical 
width and femoral robusticity and scale with negative 
allometry.

(b)	 Dimensional relationships: if bone microstructure is a 
simple reflection of the intra-specific variation in femur 
size (i.e., ‘naturally’ larger vs ‘naturally’ smaller bone), 
then all histology variables should increase in size or 
density at proportionally the same rate as cortical width 
and femoral robusticity increase in size. Under this sce-
nario, the growth ratio between the variables will be 
isometric.

Materials and methods

Data used in our study derive from a skeletal sample 
(n = 450) of British modern human adult remains curated 
at the Skeletal Biology Research Centre at the University 
of Kent (UK). These remains were recovered from one site 
and have been dated to between 900 and 400 years ago [24]. 
Examination of this skeletal material followed standard per-
missions and anthropological codes of practice and ethics.2 
Given the historical context of this sample, Human Tissue 
Act(s) regulations do not pertain to our study.

Individuation procedures

Standard anthropological methods of age-at-death and sex 
estimation were followed to reconstruct the biological profile 
of each adult [35]. A total of 450 adults were separated into 
age and sex sub-groups, resulting in 217 females, 233 males, 
126 young (20–35 years old) and 319 middle-aged adults 
(36–50 years old), and 5 older adults (50+ years old) (four 
males, and one female).

Further sub-divisions were made into 49 young males 
and 77 young females, 139 middle-aged females, and 180 
middle-aged males (Table 1). Due to the small sample size, 
individuals in the ‘older’ age category (aged ≥50 years) 
were excluded from analyses that controlled for age.

Macroscopic and microscopic femoral examination

The process of femoral midshaft sectioning, and thin section 
preparation in this sample has been previously described 
elsewhere [e.g., 2, 24]. The thin sections were originally 
produced as part of a larger project [36]. In brief, right 

Table 1   Descriptive data for posterior cortical width (Ct.Wi in mm) 
and femoral robusticity index (Ct.Wi.RI = Ct.Wi/Max.L × 100)

a Portion of data from [24: 51, 52]

N Min Max Mean SD

Ct.Wi groupings
 Entire samplea 450 4.83 15.73 8.98 1.79
 Females 217 4.83 12.08 8.35 1.51
 Males 233 5.03 15.73 9.57 1.84
 Young adults 126 4.83 13.35 8.71 1.77
 Middle-aged adults 319 5.03 15.73 9.08 1.80
 Old adults 5 6.84 10.65 9.44 1.55
 Young females 77 4.83 12.08 8.06 1.58
 Middle-aged females 139 5.22 11.79 8.52 1.45
 Old females 1 6.84 6.84 6.84 –
 Young males 49 6.01 13.35 9.73 1.58
 Middle-aged males 180 5.03 15.73 9.51 1.92
 Old males 4 9.32 10.65 10.09 0.64

Ct.Wi.RI groupings
 Entire samplea 423 1.10 3.89 2.05 0.40
 Females 206 1.13 2.92 1.99 0.37
 Males 217 1.10 3.89 2.11 0.41
 Young adults 116 1.13 3.89 2.04 0.41
 Middle-aged adults 303 1.10 3.53 2.05 0.39
 Young adults 4 2.09 2.42 2.30 0.14
 Young females 71 1.13 2.92 1.94 0.37
 Middle-aged females 135 1.17 2.90 2.01 0.37
 Young males 45 1.28 3.89 2.19 0.43
 Middle-aged males 168 1.10 3.53 2.09 0.41
 Old males 4 2.09 2.42 2.30 0.14

2  See [51–53].
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(n = 367) and left (n = 83) femora, selected from individu-
als with no evident skeletal pathology, were pooled due to 
a lack of data asymmetry. In order for the sectioning to be 
as minimally invasive as possible, the posterior quarter of 
midshaft diaphysis was extracted (approximately 1 ± 0.2 cm 
thick) and examined. The posterior femoral aspect was also 
chosen as a suitable sectioning location as it relates closely 
to lower limb behavior (i.e., the sectioning location overlaps 
linea aspera). Prior to thin section preparation, Ct.Wi was 
recorded using standard digital calipers by placing the meas-
uring needles on the most external surfaces of the endos-
teum and periosteum. Robusticity indices were calculated 
by dividing Ct.Wi data by maximum femoral length [18]. 
Thin section preparation followed standard procedures [see 
2]. Samples were embedded in Buehler EpoxiCure® resin, 
cut on a precision saw, attached to microscope slides, ground 
and polished to reveal histology. This was followed by clean-
ing and dehydrating in a series of ethanol baths and covering 
with glass slips.

Some of the histology data examined here were previ-
ously analyzed in other studies addressing questions that are 
not the focus of the present research [e.g., 2, 24, 37]. How-
ever, relationships between histomorphometric variables and 
femoral cortical width and robusticity are examined here for 
the first time. In brief, values of intact (N.On), fragmentary 
(N.On.Fg), and total osteon population density (OPD), as 
well as osteon area (On.Ar), Haversian canal area (H.Ar) 
and diameter (H.Dm), and osteocyte lacunae density (Ot.Dn) 
were recorded under a BX51 Olympus microscope with an 
Olympus DP25 camera. Additional imaging of thin sections 
(Fig. 1) was undertaken using an AmScope MU130 micro-
scope digital camera and its associated AmScope (2016) 
software. A mean value was calculated for each variable 
from a maximum of six regions of interest (ROIs), extending 
along the sub-periosteal cortical region. Measurements and 
counts were performed using CELL® Live Biology Imag-
ing software (Olympus). In some cases, the archaeological 
condition of samples meant it was difficult to consistently 
select the exact same ROIs (e.g., due to localized bioero-
sion). However, data are in line with current standards (rec-
ommending 25–50 osteons to be evaluated per section), and 
were captured using a range of 2×, 4×, 10×, 20×, and 40× 
magnification [2].

Inferential statistics

Statistical analyses were undertaken using IBM SPSS Statis-
tics 22.0® (2013), R (2.5.0, i386 3.4.0)® (2007), and Past3® 
[38]. Data were examined for normal distribution (Kolmogo-
rov–Smirnov or Shapiro–Wilk tests depending on sample 
size within age and sex groupings), intra-observer error 
(n = 45), and data asymmetry between right and left femora 
(independent samples t test) [36]. The macro−microscopic 

associations were investigated in two stages. Simple correla-
tions were performed first and reduced major axis (RMA) 
regressions were undertaken second. In both stages, cortical 
width, and robusticity indices were considered independent 
variables and thus plotted on the x axis. This is because our 
research questions center on determining the extent to which 
histology (y axis) depends on macrostructure. However, it is 
noted that RMA regression does not require a well-defined 
mutual relationship between the two variables [39]. In fact, 
it is acceptable to use RMA in tests which include somewhat 
arbitrary, but co-dependent x and y variable interaction [39]. 
This is a suitable approach in the present study, given there 
may never be absolute certainty as to whether, universally, 
bone robusticity influences histology, or histology deter-
mines bone robusticity.

Firstly, due to skewed raw data, the simple correlations 
were sought using non-parametric Spearman’s Rho tests in 
the entire sample, and then repeated within each of the age 
and sex sub-groups. The strength of each correlation was 
evaluated by the value of rs2 (coefficient of determination), 
with coefficients between 20 and 40% being deemed weak 
to moderate correlations [40]. Here, scattergrams for the 
three strongest correlations are presented (Figs. 2, 3), and 
results are interpreted only for rs2 values ≥20%. All results 
are presented in Tables 2, 3, 4 5; Supplement Tables 2, 3). 
A line of best fit is included in the Scattergrams (Figs. 2, 3) 
to visualize the direction in data change. Given the skew-
ness of raw data, we also fitted each plot with a loess line to 
illustrate monotonic downward or upward trend(s) in data 
[41]. As previously documented [2, 24], no intra-observer 
error was identified, but there were inconsistent patterns in 
histology data distribution (i.e., fluctuating between normal 
and abnormal within age and sex sub-groups), and though 
transformed for the purpose of parametric testing in our pre-
vious studies [e.g., 2, 24], raw data were analyzed here via 
non-parametric tests. This was necessary because of the new 
addition of macroscopic cortical width measurements, and 
flexibility in making no assumptions about the underlying 
data distribution in the broader (or interpretive) context of 
bone metabolism. The correlations were performed on every 
single histology variable, along with additional four histol-
ogy ‘ratio’ variables (presented in the Supplement):      

•	 H.Ar: On.Ar—indicating how much of lamellar wall 
per osteon there is per section, along with any mutual, 
accompanying changes in the size of Haversian canal and 
osteon surface area (the higher the ratio value, the larger 
the microstructural unit, and the thinner the lamellar por-
tion of osteons);

•	 N.On: OPD—indicating a biological correspondence of 
intact osteons to total osteon population (the higher the 
value, the denser the bone section in unremodeled oste-
ons);
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•	 Ot.Dn: OPD—indicating a biological correspondence of 
osteocyte lacunae to total osteon population (the higher 
the value, the denser the bone section);

•	 Ot.Dn: On.Ar—indicating a biological correspondence 
of osteocyte lacunae to osteon surface area (a value of 1 
would suggest a tight relationship between osteon size 

Fig. 1   A series of images illustrating variation (with age-at-death, sex, and measures of cortical width/robusticity) in osteon and osteocyte lacu-
nae densities, and Haversian canal and osteon size in the present sample of sub-periosteal posterior human midshaft femoral sections
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and cell density, and thus disprove the hypothesized 
opposite effect of biomechanical stimulation upon cor-
tical histomorphometry).

Secondly, regression of log-transformed data was con-
ducted through RMA analysis to examine the growth ratio 
between the variables. This statistical model accounts for 

Fig. 2   A series of ‘strong’ (see Table 2) simple correlations (raw data, a–c), and their log-transformed reduced major axis regressions (a–c log, 
see Table 4), indicating negative and positive relationships between femoral cortical width and histology data
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variation in data plotted on both the x and y axis (given 
these are data from deceased humans, and bone remod-
eling rates vary intra-specifically) [39, 42]. Additionally, 
the RMA regression is symmetrical, whereby deviations 

in x and y data are minimized [38]. Macrostructure data 
on the x axis were regressed against histology (and ratio) 
data on the y axis. The RMA regression results were evalu-
ated based on slope (b), r2 (coefficient of determination), 

Fig. 3   A series of ‘strong’ (see Table 3) simple correlations (raw data, a–c), and their log-transformed reduced major axis regressions (a–c log, 
see Table 5), indicating negative and positive relationships between femoral cortical width robusticity index and cortical histology data
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the 95% slope confidence interval (95% CI), intercept, 
and significance (p) values. Scattergrams representing 
the three strongest RMA regression results are presented 
(Figs. 2, 3), and all results are reported in Tables 4 and 5 
(as well as Supplement Table 3). The RMA regressions 
were only undertaken on the strongest initial correla-
tions identified in the first step of the analysis (Tables 2, 
3; Supplement Table 2). Isometric macro−microscopic 
growth is identified when/if b equals 1. This means that 
the growth ratio between femoral size and the underlying 

microscopic structures is constant, indicating a dimen-
sional anatomical effect. Negative or positive allometry 
is identified when/if b is <1, or >1, respectively, which 
is also evaluated through 95% CIs. This means that the 
growth ratio between femoral size and the underlying 
microscopic structures is not constant, and one increases 
at a proportionally faster/slower rate that the other. When 
viewed alongside our predictions, this indicates a bone 
functional adaptation effect.

Table 4   Results from reduced 
major axis (RMA) regression 
tests for all significant and 
‘strongest’ correlations as 
identified in Table 3 (also see 
Fig. 2), where histology data are 
regressed against Ct.Wi

RMA regression
x = Ct.Wi

Slope (b) r2 95% CI slope intercept p Relationship 
b >1: positive allometry 
b = 1: isometric growth
b <1: negative allometry

y = N.On
 Young adults 1.075 0.073 0.840, 1.277 0.092 0.002 Isometric growth
 Young males 1.543 0.107 0.985, 4.980 −0.409 0.022 Isometric growth
y = OPD
 Young males 1.060 0.230 0.690, 1.328 0.205 0.001 Isometric growth
y = H.Ar
 Entire sample −3.781 0.110 −4.106, −3.434 6.508 < 0.001 Negative allometry
 Females −3.678 0.132 −4.085, −3.168 6.613 < 0.001 Negative allometry
 Males −4.267 0.100 −4.800, −3.644 7.368 < 0.001 Negative allometry
 Middle-aged adults −3.900 0.130 −4.282, −3.438 6.950 < 0.001 Negative allometry
 Middle-aged females −3.905 0.256 −4.432, −3.262 6.849 < 0.001 Negative allometry
 Middle-aged males −4.113 0.096 −4.674, −3.450 7.243 < 0.001 Negative allometry
y = H.Dm
 Entire sample −1.736 0.159 −1.887, −1.574 3.292 < 0.001 Negative allometry
 Females −1.667 0.198 −1.863, −1.448 3.192 < 0.001 Negative allometry
 Males −1.963 0.124 −2.215, −1.669 3.547 < 0.001 Negative allometry
 Young adults −1.555 0.169 −1.763, −1.291 3.096 < 0.001 Negative allometry
 Middle-aged adults −1.816 0.156 −2.001, −1.601 3.380 < 0.001 Negative allometry
 Young males −1.754 0.163 −2.139, −1.196 3.326 0.004 Negative allometry
 Middle-aged females −1.716 0.281 −1.960, −1.423 3.247 < 0.001 Negative allometry
 Middle-aged males −1.970 0.113 −2.277, −1.596 3.561 < 0.001 Negative allometry
y = On.Ar
 Entire sample −2.944 0.110 −3.209, −2.625 7.149 < 0.001 Negative allometry
 Females −3.261 0.092 −3.723, −2.713 7.362 < 0.001 Negative allometry
 Males −3.045 0.121 −3.394, −2.650 7.315 < 0.001 Negative allometry
 Middle-aged adults −3.060 0.121 −3.392, −2.673 7.276 < 0.001 Negative allometry
 Middle-aged females −3.556 0.148 −4.231, −2.769 7.644 < 0.001 Negative allometry
 Middle-aged males −2.965 0.124 −3.312, −2.517 7.249 < 0.001 Negative allometry
y = Ot.Dn
 Entire sample 1.604 0.137 1.431, 1.755 1.273 < 0.001 Positive allometry
 Females 1.535 0.107 1.250, 1.767 1.372 < 0.001 Positive allometry
 Males 1.825 0.137 1.562, 2.056 1.026 < 0.001 Positive allometry
 Young adults 1.609 0.177 1.211, 1.892 1.297 < 0.001 Positive allometry
 Middle-aged adults 1.601 0.122 1.410, 1.770 1.264 < 0.001 Positive allometry
 Young males 2.081 0.291 1.362, 2.623 0.800 < 0.001 Positive allometry
 Middle-aged females 1.516 0.166 1.217, 1.751 1.384 < 0.001 Positive allometry
 Middle-aged males 1.745 0.108 1.445, 1.994 1.095 < 0.001 Positive allometry
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Results

Descriptive statistics for histology data were previously 
published in [2] and partly in [23, 37]. Descriptive data 
for the new Ct.Wi and Ct.Wi.RI variables are given in 
Table 1, whereas histology ratio data appear in Supplement 
Table 1. Results from the inferential analysis are presented in 
Tables 2, 3, 4 5; Supplement Tables 2, 3. Of 198 correlation 

tests performed, 145 (~ 73%) were statistically significant 
at p < 0.05 (Tables 2, 3; Supplement Table 2). Using Ct.Wi 
data only (99 tests), 70 (~ 71%) were statistically significant 
(p range from 0.000−0.048) (Table 2; Supplement Table 2; 
Figs. 2, 3). Twelve of those were of moderate strength (rs 
range from −0.596 to −0.432). A further 29 significant cor-
relations were weak, explaining >10% but <20% of data 
variation. The remaining significant results failed to explain 

Table 5   Results from reduced 
major axis (RMA) regression 
tests for all significant and 
‘strongest’ correlations as 
identified in Table 4 (also see 
Fig. 3), where histology data are 
regressed against Ct.Wi.RI

RMA regression
x = Ct.Wi.RI

Slope (b) r2 95% CI slope Intercept p Relationship 
b >1: positive allometry 
b = 1: isometric growth
b <1: negative allometry

x = N.On
 Young adults 1.124 0.060 0.815, 1.366 0.752 0.007 Isometric growth
 Young males 1.390 0.049 0.696, 4.457 0.638 0.162 Isometric growth
x = OPD
 Young adults 0.892 0.109 0.678, 1.070 0.960 < 0.001 Isometric growth
 Young males 0.883 0.100 0.410, 1.191 0.949 0.045 Isometric growth
x = H.Ar
 Entire sample −3.890 0.125 −4.240, −3.497 4.407 < 0.001 Negative allometry
 Females −3.553 0.148 −3.964, −3.046 4.280 < 0.001 Negative allometry
 Males −4.236 0.105 −4.772, −3.580 4.545 < 0.001 Negative allometry
 Young adults −3.568 0.094 −4.156, −2.757 4.283 < 0.001 Negative allometry
 Middle-aged adults −3.969 0.135 −4.389, −3.507 4.444 < 0.001 Negative allometry
 Middle-aged females −3.696 0.229 −4.186, −3.132 4.329 < 0.001 Negative allometry
 Middle-aged males −4.171 0.093 −4.783, −3.398 4.536 < 0.001 Negative allometry
x = H.Dm
 Entire sample −1.783 0.170 −1.952, −1.593 2.190 < 0.001 Negative allometry
 Females −1.635 0.205 −1.840, −1.400 2.141 < 0.001 Negative allometry
 Males −1.925 0.134 −2.177, −1.600 2.241 < 0.001 Negative allometry
 Young adults −1.609 0.178 −1.866, −1.280 2.132 < 0.001 Negative allometry
 Middle-aged adults −1.844 0.164 −2.034, −1.560 2.212 < 0.001 Negative allometry
 Young females −1.637 0.124 −1.980, −1.213 2.134 0.003 Negative allometry
 Young males −1.626 0.180 −2.042, −0.935 2.146 0.003 Negative allometry
 Middle-aged females −1.642 0.261 −1.887, −1.350 2.147 < 0.001 Negative allometry
 Middle-aged males −2.033 0.087 −2.327, −1.663 2.275 < 0.001 Negative allometry
x = On.Ar
 Entire sample −2.986 0.103 −3.274, −2.643 5.266 < 0.001 Negative allometry
 Females −3.081 0.092 −3.526, −2.546 5.269 < 0.001 Negative allometry
 Males −2.968 0.104 −3.342, −2.521 5.283 < 0.001 Negative allometry
 Middle-aged adults −3.098 0.122 −3.425, −2.682 5.304 < 0.001 Negative allometry
 Middle-aged females −3.437 0.123 −4.083, −2.620 5.371 < 0.001 Negative allometry
 Middle-aged males −2.994 0.081 −3.390, −2.523 5.291 < 0.001 Negative allometry
x = Ot.Dn
 Entire sample 1.611 0.112 1.416, 1.782 2.303 < 0.001 Positive allometry
 Males 1.718 0.114 1.429, 1.953 2.267 < 0.001 Positive allometry
 Young adults 1.633 0.100 1.130, 2.001 2.300 0.004 Positive allometry
 Middle-aged adults 1.595 0.113 1.385, 1.775 2.307 < 0.001 Positive allometry
 Young males 1.754 0.131 0.833, 2.330 2.262 0.029 Positive allometry
 Middle-aged females 1.418 0.145 1.177, 1.626 2.365 < 0.001 Positive allometry
 Middle-aged males 1.805 0.090 1.471, 2.064 2.231 < 0.001 Positive allometry
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substantial portions of data (<10%), although some general 
trends in data were still identified.

Subsequent analyses where femoral robusticity calculated 
from Ct.Wi was assessed against the histology variables 
(repeated 99 tests) revealed 75 (~ 76%) statistically signifi-
cant (p range from 0.000−0.046) correlations (Table 3; Sup-
plement Table 2; Fig. 3), of which seven were also of moder-
ate strength (rs range from −0.517 to 0.424). There were 34 
weak significant correlations (explaining >10% but <20% 
of data variation), and the remaining significant correlations 
failed to explain >10% of data variation. Therefore, there 
was a slight improvement in the number and strength of the 
relationships between Ct.Wi.RI and the histomorphometric 
variables (Table 3; Supplement Table 2; Fig. 3).

Reduced major axis regression analyses revealed con-
sistent relationships between femoral cortical width and the 
size of the histology variables. The relationship of Haversian 
canal size (area and diameter) and the relationship of osteon 
area to cortical width is negatively allometric (Tables 4, 
5; Figs. 2, 3; Supplement Tables 1−3). Thus, individuals 
with smaller Haversian canals and smaller osteons have a 
relatively greater cortical width compared to individuals 
with thinner femoral cortical bone. The scaling relationship 
between our measurement of femoral size and the histol-
ogy frequency and density variables is less consistent. The 
relationship of intact osteon density and osteon population 
density to cortical width is isometric, while osteocyte lacu-
nae density and cortical width scale with positive allometry. 
This implies that the frequency of osteons and cortical width 
increases or decreases in number or size at relatively equiv-
alent rates. In contrast, individuals with fewer osteocyte 
lacunae have relatively thinner femoral cortical bone, but 
individuals with thicker femoral cortices have a proportional 
greater density of osteocyte lacunae. This latter pattern 
occurs because osteocytes accumulate at a faster rate than 
the relative increase in femoral cortical width. Thus, indi-
viduals with thicker cortical bone at the posterior quarter of 
the midshaft diaphysis have a greater density of osteons, but 
they also have a proportionally greater density of osteocyte 
lacunae. Overall, RMA regression analyses have revealed 
biological scaling relationships whereby individuals with 
thicker cortices have relatively smaller Haversian canals and 
osteons combined with a greater density of osteocyte lacu-
nae, compared to individuals with thinner femoral cortices.

Discussion

The aim in this study was to investigate structural relation-
ships between measurements of cortical width and robustic-
ity, and histomorphometric variation in the human midshaft 
femur. Two predictions were tested, evaluating whether 
macro- and microstructural cortical bone associations can 

be explained from (1) functional and/or (2) dimensional 
perspectives. Our analyses reveal that, on average, rela-
tive changes in histomorphometric measurements of bone 
remodeling products (i.e., secondary osteon tissue) occur 
in association with equivalent changes in femoral corti-
cal width. These associations are fairly consistent, with a 
directional, allometric relationship between cortical bone 
micro- and macro- structures. As age and sex variation was 
accounted for in our study (when undertaking statistical 
analyses within the sub-groups), these findings support the 
idea that bone functional adaptation may play a major role 
in the structural design of femur diaphysis. However, it is 
impossible to completely rule out inherent intra-specific sex 
and age variation in human bone metabolism given that this 
study utilizes histomorphometric data from archaeological 
humans. Our data provide a basis from which to investigate 
these scaling and functional effects further in experimental 
contexts.

Functional prediction

Our data are compatible with a biomechanical explanation of 
femur size and structure in this sample. Osteon and Haver-
sian canal size became smaller with an increase in cortical 
width and/or robusticity. However, these trends were not 
consistent across the entire sample. For example, not only 
was fragmentary osteon density not significantly associated 
with Ct.Wi or Ct.Wi.RI, its rs coefficient also fluctuated 
between positive and negative between and within age and 
sex (sub)groups (Tables 2, 3, 4, 5; Supplement Table 2). This 
may be due to the effects of aging and/or sex-specific factors 
underlying bone remodeling in adults. In all other instances, 
where results were not significant, the biomechanical predic-
tion was mainly supported.

The gross structure and geometric properties of a long 
bone diaphysis are indicators of functional adaptation, and 
are modeled predominantly during the child and adolescent 
stages of ontogeny [10, 15, 43]. In most cases, once adult-
hood is reached, optimal mechanical loading is accommo-
dated by targeted remodeling of accrued localized micro-
damage by replacing and/or adding new bone [29]. Through 
a series of positive and negative correlations, along with 
tests for allometry, the present study supports this functional 
adaptation of structure in the midshaft human femur. These 
results agree with basic engineering predictions, and sup-
port previous studies of cortical histomorphometric change 
in relation to strain or mechanical load [e.g., 7, 22–28, 44]. 
However, it is noted that the sample utilized here relies on 
mechanical loading inferences through simple measurements 
of bone robusticity. Variation in correlations between the 
age and sex groups indicates relationships between corti-
cal size and the underlying microstructure are not consist-
ent (Tables 2, 3, 4 5; Supplement Tables 2, 3), supporting 
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well-established intra-specific differences in human bone 
metabolic activity [5]. There is no doubt that the individu-
als in our sample represent a variety of physical activity 
regimes. There seems to be a clear functional signal in the 
results in the young male category, potentially suggesting 
higher intensity and/or frequency of mechanical load expe-
rienced by this group [see 24 for review of behaviors poten-
tially represented by this sample].

Dimensional prediction

The study of allometry in biology has long had important 
implications for our understanding of structural and func-
tional tissue relationships [45]. It has been of particular 
importance in studies examining mechanical adaptation of 
mammalian trabecular bone [46]. However, as identified 
recently, the assumption that simple intra-specific variation 
in human skeletal size may be considered to play a role in 
determining microstructural geometric or other quantitative 
bone data, is rarely accounted for in research. The present 
study revealed an isometric relationship between osteon 
density and cortical robusticity, which supports the idea 
that larger femora maintain more frequent osteons. How-
ever, if only this type of relationship explains the changes 
in histomorphometric data that accompanies increases in 
femoral robusticity, then it is unclear why the more robust 
femora also revealed allometric scaling relationships with 
bone microstructure. Both Goldman et al. [31] and Schlecht 
and Jepsen [34] previously identified a link between the 
micro- and macrostructure of bone. Our results support their 
findings, but also highlight the potential effect of localized 
remodeling on histomorphometry. Similar to our findings, a 
study by Goldman et al. [31] noted that robust tibiae appear 
to have more numerous osteons. This micro–macro effect 
in our study was not consistent across the sample, indicat-
ing potential mechanically induced remodeling may obscure 
otherwise clear robusticity-related relationships. The study 
by Goldman et al. [31] examined human tibiae from two 
different midshaft locations allowing for a broader exami-
nation and intra-bone comparison of intra-cortical remod-
eling, whereas our study focused on sub-periosteal histology 
from the posterior femoral midshaft only. Thus, the different 
findings from the two studies are probably influenced by 
the different sampling locations, which also suggests that 
remodeling is not constant across intra- and inter-specific 
cortical sites, bones, and individuals.

Bone structural relationships at the macroscopic 
and microscopic level are complex

Using geometric properties of osteons and Haversian canals, 
which are inversely related to strain, our osteon density data 
could be simply interpreted in a broader mechanical context. 

While our results support structural bone functional adap-
tation, it is difficult to exclude the scaling effect of corti-
cal size on histological parameters. This is most clear for 
osteon densities. Both the intact and total population den-
sities increased in value along with an increase in corti-
cal width and robusticity, which in principle agrees with 
the first part of both predictions evaluated here. However, 
given that fragmentary osteon density data did not follow 
our predictions, and were not significantly correlated with 
cortical width and/or robusticity either, this may reflect dif-
ficulty in distinguishing between scaling versus functional 
adaptation relationships at the human midshaft femur. This 
relationship is likely to be further complicated by the effect 
of aging and sex on the fragmentary osteon density data 
across the sample. Whilst our RMA regressions attempt to 
address this, they explain only a portion of the entire dataset, 
encouraging future research to collect more data. Fragmen-
tary osteon density is a valid proxy for cortical products of 
bone remodeling because they are remnants of preceding 
or pre-existing intact osteons [19]. Their increased pres-
ence can indicate a higher proportion of cortical bone being 
remodeled and filled with new osteons. By examining the r 
coefficients of variation (Tables 2, 3), fragmentary osteons 
were positively correlated with cortical width and robustic-
ity in the entire sample, young adults, middle-aged adults, 
and young males. The relationship was negative in all the 
remaining sub-groups. This, however small, deviation from 
the rest of the results highlights the complexity of functional, 
structural, and metabolic activity in bone.

It is now well established that there is a complementary 
interaction between genetic, hormonal, dietary, and mechan-
ical factors in regulation of bone remodeling [15]. Of course 
the results from our skeletal collection do not account for the 
broad biological picture of bone metabolism. We acknowl-
edge that the standard anthropological age categories are 
relatively broad and thus may relate to minor osteon number 
variation with age [47]. In our previous study [24], we also 
reported histomorphometric variation with social status in 
this sample related to documented lifestyles [see also 48]. 
Our conclusions were supported by an evaluation of his-
tological variation adjusted by femoral robusticity index 
based on midshaft circumference. This showed that femora 
of similar size in age- and sex-matched humans have differ-
ent remodeling activity when related to a known behavioral 
context. Given that the aim in the present study was to seek 
structural biology relationships (rather than undertaking 
group comparisons), our present results support these pre-
vious conclusions. The complexity of factors behind corti-
cal bone remodeling thus makes it difficult to characterize 
either biomechanical or dimensional relationships between 
macro- and microstructure—they are probably complimen-
tary or dependent upon individual/populational aspects of 
biology and/or lifestyle. We further acknowledge that it was 
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not possible to measure collagen and mineral content in our 
study, i.e., bone components which are important in facilitat-
ing mechanical adaptation [49]. Our finding has methodo-
logical implications whereby it seems that data collected 
either macro- or microscopically alone, may not reflect the 
complexity of bone form−function relationship.

Conclusions

This study demonstrates a relationship between femoral size 
and the underlying histological products of bone growth. 
The density of osteons, and osteocyte lacunae, increased 
in more robust femora, and in those with thicker cortical 
bone. Allometric scaling relationships were also observed. 
More robust femora with thicker cortical bone also had 
smaller osteons and Haversian canals that scaled with nega-
tive allometry. These data are compatible with the idea that 
human femoral macroscopic and microscopic structures are 
driven by functional adaptation in the sample studied here. 
Our data suggest that future research can benefit from exam-
ining morphometric relationships between cortical bone 
histology and macrostructure. Studies aiming to unravel 
functional adaptation from bone should ideally undertake 
an integrative approach of macroscopic (robusticity, size, 
geometric properties), microscopic (e.g., histological param-
eters), and strength/stiffness (mineral density, collagen ori-
entation) variables. Only then will a more complete human 
femur form−function relationship be understood [50].
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