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Selection for longer limbs in mice increases bone stiffness
and brittleness, but does not alter bending strength
Miranda N. Cosman1, Hayley M. Britz2,3 and Campbell Rolian3,4,*

ABSTRACT
The ability of a bone to withstand loads depends on its structural and
material properties. These tend to differ among species with different
modes of locomotion, reflecting their unique loading patterns. The
evolution of derived limb morphologies, such as the long limbs
associated with jumping, may compromise overall bone strength. We
evaluated bone mechanical properties in the Longshanks mouse,
which was selectively bred for increased tibia length relative to body
mass. We combined analyses of 3D shape and cross-sectional
geometry of the tibia, with mechanical testing and bone composition
assays, to compare bone strength, elastic properties and mineral
composition in Longshanks mice and randomly bred controls. Our
data show that, despite being more slender, cortical geometry and
predicted bending strength of the Longshanks tibia were similar to
controls. In whole bone bending tests, measures of bone bending
strength were similar across groups; however, Longshanks tibiae
were significantly more rigid, more brittle, and required less than half
the energy to fracture. Tissue-level elastic properties were also
altered in Longshanks mice, but the bones did not differ from the
control in water content, ash content or density. These results indicate
that while Longshanks bones are as strong as control tibiae, selection
for increased tibia length has altered its elastic properties, possibly
through changes in organic bony matrix composition. We conclude
that selection for certain limb morphologies, and/or selection for rapid
skeletal growth, can lead to tissue-level changes that can increase the
risk of skeletal fracture, which in turn may favor the correlated
evolution of compensatorymechanisms tomitigate increased fracture
risk, such as delayed skeletal maturity.

KEY WORDS: Artificial selection, Bone cross-sectional geometry,
Bone stiffness, Bone strength, Longshanks mouse

INTRODUCTION
Bone fractures are an important disease burden in humans and
domesticated animals (Gregory and Wilkins, 1989; Fleming et al.,
1994; Bouxsein, 2005; Ramzan and Palmer, 2011), and the ability to
withstand bone fractures throughout life likely also impacts the
evolutionary fitness of wild animals (Bramblett, 1967; Taylor, 1971;

Lovell, 1991; Jurmain, 1997; ter Hofstede et al., 2003; Forsman et al.,
2006; Carter et al., 2008). The ability of a bone to withstand external
loading depends on its material properties, size and shape, especially
its cross-sectional geometry (Rubin, 1984; Jepsen et al., 2003;
O’Neill and Ruff, 2004; Felsenberg and Boonen, 2005; Hernandez
and Keaveny, 2006). Long bone cross-sectional geometries often
differ between species that use different locomotor repertoires. This
variation in bone structure may reflect differences in where and how
loads are distributed across a bone (Bou et al., 1987; Bou et al., 1991;
Cubo and Casinos, 1998; Christiansen, 1999a,b; Young et al., 2014),
though this relationship does not always hold (Biewener and Bertram,
1994; Demes et al., 1998; Demes et al., 2001; Lieberman et al., 2004;
Wallace et al., 2014). Cross-sectional geometry and other bone
properties (e.g. trabecular orientation) can also change over a lifetime
in response to specific loading patterns (Biewener and Bertram, 1994;
Heinrich et al., 1999; Lieberman et al., 2003; Ruff, 2003; Pontzer
et al., 2006;Main and Biewener, 2007; Young et al., 2010; Ruff et al.,
2013; Sarringhaus et al., 2016). At the same time, however, the
adaptive evolution of limb bone morphologies in specific locomotor
contexts may also be constrained by other organismal traits such as
body mass or skeletal size, leading to potential trade-offs in the
strength of individual limb bones.

The Longshanks mouse was selectively bred for longer tibiae
relative to body mass. In 20 generations, we produced two
independent lines of Longshanks mice (hereafter LS1 and LS2) in
which the tibia is ∼13–15% longer than randomly bred control mice
from the same genetic background (CD-1, hereafter control mice),
but body masses remain unchanged (Marchini et al., 2014). In our
previous study using only LS1, we demonstrated that tibia length
increased without a commensurate change in its cross-sectional
geometry (i.e. with negative allometry) (Cosman et al., 2016).
Specifically, the tibia’s cross-sectional area and polar section
modulus in LS1 did not change appreciably, which led us to
predict that it is significantly less resistant to bending moments. In a
related study (Farooq et al. 2017), we found that tibia trabecular
microarchitecture had been substantially altered in parallel with
increases in tibia length in both Longshanks lines, potentially
altering its ability to withstand compressive loads. In the present
study, we investigated whether the altered shape of the Longshanks
tibia has impacted its strength and elastic properties. We performed
three complementary analyses. First, we evaluated 3D shape of the
tibia as well as its cross-sectional properties at the midshaft in the
three lines. This analysis extends our previous study (Cosman et al.,
2016) by including both Longshanks replicates, and by examining
whether shape changes persisted in Longshanks at F15, i.e. after an
additional five generations of selective breeding. We tested the
hypothesis that bone shape and cross-sectional properties (e.g. cross-
sectional area) did not differ significantly among the three lines
(Cosman et al., 2016). Second, we assessed the mechanical strength
and elastic properties of the bones using a three-point bending test to
test the hypothesis that there are no differences in these traits amongReceived 7 March 2019; Accepted 24 April 2019

1Department of Anthropology, University of Michigan, 101 West Hall 1085
S. University Ave, Ann Arbor, MI 48109, United States. 2Department of Cell
Biology and Anatomy, Cumming School or Medicine, University of Calgary,
3330 Hospital Drive NW, Calgary, Alberta, T2N 4N1, Canada. 3McCaig Institute
for Bone and Joint Health, University of Calgary, 3330 Hospital Drive NW,
Calgary, Alberta, T2N 4N1, Canada. 4Department of Comparative Biology
and Experimental Medicine, Faculty of Veterinary Medicine, University of
Calgary, 3330 Hospital Drive NW, Calgary, Alberta, T2N 4N1, Canada.

*Author for correspondence (cprolian@ucalgary.ca)

C.R., 0000-0002-7242-342X

1

© 2019. Published by The Company of Biologists Ltd | Journal of Experimental Biology (2019) 222, jeb203125. doi:10.1242/jeb.203125

Jo
u
rn
al

o
f
Ex

p
er
im

en
ta
lB

io
lo
g
y

mailto:cprolian@ucalgary.ca
http://orcid.org/0000-0002-7242-342X


the three lines. Finally, we compared tissue-level bone composition
among the lines in terms of water and mineral content.

MATERIALS AND METHODS
Samples
All animal procedures were approved by the Health Sciences Animal
Care Committee at the University of Calgary (protocol AC13-0077).
Mice from the F15 and F16 generations of the Longshanks experiment
were used in this study.Details of the selection experiment are provided
elsewhere (Marchini et al., 2014).All Longshanks and controlmice are
derived from CD-1 outbred stock. At both generations, Longshanks
tibiae were ∼12–14% longer than those in controls, but there were no
differences inmean bodymass among lines. For assessingwhole bone
and tissue-level mechanical properties, we collected sex-balanced
samples of mice that were not selected as breeders for the following
generation (sample sizes: LS1, n=42; LS2, n=38; control, n=36). To
examine bone tissue composition, we sampled non-breeder females
from generation F16 (n=8 per line).

Micro-computed tomography (μCT) scans
Following euthanasia at 56–63 days (by CO2 inhalation), mice were
weighed to the nearest 0.01 g and packed into Styrofoam tubes, and
whole body μCT scans were acquired on a Skyscan 1173 μCT
scanner (Bruker, Kontich, Belgium) at an isotropic resolution of
45 µm (70 kV voltage and 114 µA current). 3D image stacks were
reconstructed in NREcon v1.6.9 (Bruker, Kontich, Belgium) for
shape and cross-sectional analyses.

3D shape analysis
Image stacks were imported into Amira v5.4.2 (Visage Imaging,
Berlin, Germany) and an Amira mesh file (.am) of the hind limb was
created for shape analysis. A set of 12 3D landmarks were placed on
homologous anatomical structures at the proximal and distal
epiphyses, as well as the tibia–fibula junction, in the scans of the
right tibia from each mouse. The protocol for shape, including
reliability and measurement error of landmark placements, and
geometric morphometric analysis, are described in Cosman et al.
(2016). The distance between the landmarks at the cranial point of
the proximal epiphysis and on the caudal medial tip of the medial
malleolus was used as a measure of tibia length.

Cross-sectional area and properties
The Amira mesh file was imported into ImageJ 1.51p (National
Institutes of Health, Bethesda, Maryland) (Rasband, 2014). To
account for different whole body scan positions, the stacks were first
aligned vertically (parallel to long axis of tibia), using the
Interactive Stack Rotation plugin in ImageJ. Following an
automatic thresholding procedure, we used the BoneJ plugin
(Doube et al., 2010) to obtain cross-sectional properties from a
slice at the distal tip of the tibial tuberosity, i.e. the same
approximate area that underwent mechanical testing. Following
the recommendations in Jepsen et al. (2015), we obtained periosteal
area (total area, Tt.Ar., in mm2), cortical area (Ct.Ar., in mm2), bone
marrow area (i.e. endosteal area, Ma.Ar, in mm2), relative cortical
area (Ct.Ar/Tr.Ar), mean cortical thickness (Ct.Th), the minimum
and maximum moments of inertia (Imin and Imax, respectively, in
mm4) and the polar section modulus (ZP, in mm3) at the selected
slice. As in our previous study (Cosman et al., 2016), we calculated
an index of robusticity (IR) by taking the ratio of ZP (in mm3) to the
product of bone length (in mm) and body mass (in mg2/3) (Polk
et al., 2000; Ruff, 2000; Young et al., 2014) to evaluate the tibia’s
bending strength in relation to its length and the mass of the animal.

Whole bone mechanical properties
A sex-balanced subsample of 82 mice was used for mechanical
testing (sample sizes by sex: LS1, 15F/13M; LS2, 15F/15M;
Control, 12F/14M). Mechanical testing was performed on the same
day an individual mouse was scanned. After scanning, the left hind
limb was skinned and removed, and dissected free of soft tissue. The
bones were then subjected to a three-point bend test on an
ElectroForce 3230 testing machine (Bose Corp., Eden Prairie,
USA). The end fixtures (supporting points) were placed 6 mm apart
in LS1 and LS2 and 4 mm apart in the control line. This difference
of 2 mm, which is approximately equal to the mean length
difference between Longshanks and control tibiae (see Results),
ensured that bones were loaded at anatomically homologous
locations in the three lines.

The center support (crosshead) was placed on the lateral side at
the level of the distal end of the tibial tuberosity, corresponding to
where cross-sectional properties were measured. The left support
was on the tibial metaphysis and the right was placed immediately
proximal to the tibia–fibula junction. The bottom fixtures were
attached to a 450 N load cell, and the crosshead moved at a constant
displacement rate of 2 mm min−1. The tibiae were bent medio-
laterally in the transverse plane as this orientation improved stability
of the bone on the test fixtures. To minimize bone movement prior
to the bending test, a preload of 1 N was applied, which did not
cause any visible deformation of the bone. The bones were then
loaded until they fractured.

Whole bone bending tests
Moment-normalized displacement curves
All mechanical testing analyses were conducted using custom-
written scripts in MATLAB (R2017b, Natick, MA). Three-point
bending tests generate load–displacement curves that record how
much force a structure can withstand before fracturing, under
continuous displacement of the tester’s crosshead. Because our
fixture span lengths were not the same size in Longshanks and
control mice, however, their load-displacement curves are not
directly comparable. Normalizing both load and displacement for
fixture geometry is required for two reasons. First, mechanical
testers measure loads experienced by the bone, but whole-bone
strength is ultimately determined by bending moments, which are a
function of the distance between the tester’s supports (i.e. load
arms) (Jepsen et al., 2015). Second, for a given displacement of the
crosshead, a bone bent on a shorter span deflects substantially more
than a bone bent on a longer span. Accordingly, identical recorded
displacements to fracture in these two bones would lead one to
conclude erroneously that the bones are equally ductile, when in fact
the bone on the shorter span undergoes more deformation before
failing. Hence, we converted the bending data to moment-
normalized displacement curves following Jepsen et al. (2015).
Moments of force were obtained using the following equation:

M ¼ F� L

4
; ð1Þ

whereM is the moment of force, in Nmm, F is the force, and L is the
span length between the two bottom points of the testing apparatus
(6 mm for Longshanks, 4 mm for controls). The displacement dwas
normalized as follows, and is expressed in units of mm mm−2:

d0 ¼ 12d

L2
: ð2Þ

Moment-normalized displacement curves (M−d′) were used
to obtain yield moment, at which deformation becomes plastic
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(see below), as well as the maximum moment and moment
at fracture.

Rigidity, post-yield displacement and work-to-fracture
Rigidity of the tibia, in N mm−2, describes the amount of elastic
deformation the bone undergoes as a function of the moments
applied. Rigidity is derived from moment-normalized displacement
and is the fixture-normalized equivalent of whole bone stiffness
derived from load–displacement plots (Jepsen et al., 2015). Rigidity
was obtained as the slope of a linear regression fitted to the initial
linear portion of the M−d′ curves. The linear regression was fit to
the points between 15 and 25% of fracture displacement, as M−d′
curves for some individuals departed from linearity after ∼30%
displacement. Yield was defined as the point at which a regression
line representing a 10% loss in rigidity intersects the M−d′ curve.
Normalized post-yield displacement (PYD), in mm mm−2, was
defined as the normalized displacement between yield and fracture.
Finally, work-to-fracture, in N, which reflects the overall bending
resistance of a structure, was obtained by integrating the area under
the total M−d′ curves (Jepsen et al., 2015).

Bone tissue mechanical properties
Mechanical properties of bone tissue can be estimated from
bending tests, using expectations derived from engineering beam
theory (Turner and Burr, 1993; Jepsen et al., 2015). These
estimates must be interpreted with caution, however, because
bones are not perfect cylinders of equal thickness throughout the
cortex, and their bending behavior can depart significantly
from beam theory predictions (van Lenthe et al., 2008). Still,
tissue-level estimates obtained from three-point bending tests
can provide a ‘first-pass’ approximation of differences among
groups when homologous bones are compared under similar
testing conditions. We used the force–displacement relationships
to obtain stress (σ), strain (ε) and the elastic modulus (E) using
the following equations:

s ¼ F� L� c

4I
; ð3Þ

1 ¼ 12c� d

L2
; ð4Þ

E ¼ K � L3

48I
; ð5Þ

where σ is stress, in N mm−2 (MPa), ε is strain (unitless), E is
elastic modulus (MPa), L is span length (mm), d is raw
displacement of the testing apparatus (mm), c (mm) is the
distance from the bone cross-section’s centroid to the outermost
point on the cortex, I is the moment of inertia of the
cross-section around the bending axis, and K is stiffness
(N mm−1), i.e. the slope of the linear portion of the raw
force-displacement plots, derived using the same method as
above for rigidity. Because tibiae were bent in a medio-lateral
plane, we took c to be half the minimum caliper diameter and I
to be Imax, both obtained from BoneJ’s cross-sectional geometry
output (see above). We used the stress–strain curves to derive
yield strength and ultimate strength using the same method as
above for yield and maximum moments.

Bone tissue composition
The left tibiae of previously frozen F16 female mice were dissected
and cleared of soft tissue (n=8 per line, each comprising four pairs of

siblings from separate families). Bones were trimmed to obtain
sections of tibia diaphysis, by sectioning the bones with a razor
blade distal to the proximal metaphysis, and immediately proximal
to the tibia–fibula junction. The tibia sections were flushed with
water to expel marrow. To obtain hydrated tissue mass, the bones
were centrifuged at 5000 g for 5 min, and weighed to the nearest
0.1 mg on an analytical balance. Dry tissue mass was determined
after drying the bone sections overnight at 60°C. Next, the bone
segments were scanned on a Skyscan 1173 μCT scanner (Bruker,
Kontich, Belgium) at an isotropic resolution of 10 µm (70 kV
voltage and 114 µA current). 3D image stacks were reconstructed in
NREcon v1.6.9 (Bruker, Kontich, Belgium), and the ‘Volume
Fraction’ module in BoneJ was used to obtain dry bone volume.
Finally, ash mass was obtained after ashing the bones in a muffle
furnace at 600°C for 24 h. Dry bone density was obtained as dry
bone mass (mg) divided by dry bone volume (mm3). Water and ash
content measures were expressed as a percentage of hydrated mass
assuming a water density of 1 (Jepsen et al., 2001). Raw data for all
shape, cross-sectional, strength and ash analyses can be found in
Dataset 1.

Statistical analysis
Tibia shape
Geometric morphometric analyses were carried out in MorphoJ
v104a (Klingenberg, 2011). The 12-variable 3D landmark dataset
was first subjected to a general least-squares Procrustes
superimposition (Dryden and Mardia, 1998; Slice, 2005). Shape
differences between the groups were explored by means of principal
components analysis (PCA) on Procrustes shape variables.
Statistical significance of any difference in mean shape was
assessed by pairwise discriminant function analyses (DFA),
followed by permutation tests (1000×), as implemented in
MorphoJ. Changes along principal components were visualized
by means of deformations of wireframes that described shape in the
medio-lateral, antero-posterior and proximo-distal epiphyseal
profiles of the tibia.

Cross-sectional, whole bone and tissue properties
All statistical analyses were performed in MATLAB using custom
scripts (R2017b, Natick, MA). Cross-sectional and strength
properties were compared among the three groups using analyses
of covariance (ANCOVA), with mouse line and sex as categorical
factors, and body mass as a covariate representing an animal’s
overall size. Our preliminary analyses showed that, aside from
bending moments (see Results), there was no interaction between
sex and line for bone geometric and strength properties, thus all
subsequent statistical analyses were carried out on samples with
sexes pooled within lines. We used Tukey’s post hoc tests to test for
statistical significance of pairwise differences in the marginal means
among the lines. Differences among females in the F16 lines in
tissue density and composition were determined using ANOVAs,
followed by Tukey’s post hoc tests. In all tests, an alpha value of less
than 0.05 was considered statistically significant.

RESULTS
Morphometrics and 3D shape
The sample of LS1 mice used in this study was significantly heavier
than the other lines (Table 1), even though mean body mass among
the complete F15 populations was the same (data not shown). This
discrepancy is most likely a stochastic artifact of subsampling from
the lines. Among lines (pooled by sex), mean tibia length was
∼13% greater in Longshanks, but did not differ between LS1 and
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LS2. In terms of 3D shape, both Longshanks lines were
significantly different from control in mean shape [DFA, mean
Procrustes distances: 0.024 (LS1 versus C), 0.019 (LS2 versus C),
both permutation test T-square statistics, P<0.001]. As in our
previous analysis conducted on F10 tibiae (Cosman et al., 2016),
F15 LS1 tibiae were more gracile, with relatively smaller cross-
sectional area of the proximal epiphysis, and narrower proximal
shafts in the craniocaudal direction (Fig. 1). Our analysis also
showed a similar gracilization in LS2 tibiae. Interestingly, however,
DFA also showed that LS1 and LS2 differed in mean shape (mean
Procrustes distance: 0.012, T-square statistic: 171.5, P=0.003), with
LS1 having slightly more gracile cross-sections (Fig. 1).

Cross-sectional geometry
Cross-sectional properties of the tibia mid-shaft in all three lines
(sexes pooled) are broadly similar. One notable difference is the
endosteal area (Ma.Ar.), which was significantly greater in the
Longshanks lines compared with the control (Table 1). Coupled

with marginally larger periosteal areas, these larger endosteal areas
contribute to significantly lower relative cortical areas in
Longshanks (Ct.Ar./Tt.Ar.). The minimum and maximum
moments of inertia were not significantly different among lines,
nor was the mean index of robusticity, suggesting that the whole
bone bending strength based on geometric properties, length of the
tibia and body mass should be similar among the lines.

Whole bone material properties in bending
In the bending tests, the tibiae of several individuals did not fracture
before the bottom and top supports came into contact. In this
situation, displacement becomes limited but the moments continue
to be experienced by the bone at a constant rate, leading to incorrect
estimates for the post-yield displacements and work-to-fracture.
Consequently, we removed these individuals from all strength
analyses (n=17). Within line, twice as many control individuals
were removed from the analysis (LS1: 4/27, LS2: 4/29, C: 9/26; 3-
group chi-square test, χ2=4.47, P=0.107).

Table 1. Least squaresmeans and standard errors of the cross-sectional properties at the tibiamidshaft in the three lines, estimated at the covariate
mean (body mass, 36.32 g)

Property LS1 (n=42) LS2 (n=37) Control (n=36)

Body mass (g) 38.03 (0.78)LS2,C 35.65 (0.54)LS1 34.92 (0.75)LS1

Tibia length (mm) 20.13 (0.09)C 20 (0.09)C 17.86 (0.09)LS1,LS2

Ct.Ar. (mm2) 1.37 (0.03) 1.41 (0.03) 1.41 (0.03)
Ma.Ar. (mm2) 0.71 (0.03)LS2,C 0.82 (0.03)LS1,C 0.61 (0.03)LS1,LS2

Tt.Ar. (mm2) 2.08 (0.05) 2.23 (0.05)C 2.02 (0.05)LS2

Rel. cortical area (Ct.Ar/Tt.Ar.) 0.66 (0.01)LS2,C 0.63 (0.01)LS1,C 0.7 (0.01)LS1,LS2

Ct.Th. (mm) 0.35 (0.01) 0.35 (0.01) 0.37 (0.01)
Min. caliper diameter (mm) 1.47 (0.02) 1.52 (0.02) 1.47 (0.02)
Max. caliper diameter (mm) 2.52 (0.03) 2.52 (0.03) 2.48 (0.03)
Imin (mm4) 0.21 (0.01) 0.24 (0.01) 0.21 (0.01)
Imax (mm4) 0.62 (0.02) 0.66 (0.03) 0.59 (0.03)
ZP (mm3) 0.59 (0.02) 0.64 (0.02)C 0.57 (0.02)LS2

Robusticity* 0.27 (0.01) 0.29 (0.01) 0.29 (0.01)

Superscripts denote significant differences in LS means (P<0.05) between a given group and: CControl, LS1Longshanks 1, LS2Longshanks 2 (Tukey’s HSD).
*Values for robusticity have been multiplied by 105 to improve readability.
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components (PCs) of the Procrustes shape
coordinates of the tibia. Ellipses represent the
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a sample bone viewed in ML and PD profiles.
TSV, total shape variance.
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We found a statistically significant interaction between line and sex
for moment variables; however, this interaction was driven primarily
by LS1, in which moments were significantly greater in males than in
females from all lines. When pooled by sex, there were no significant
differences among lines in mean yield, maximum or fracture
moments (Table 2, Fig. 2A). In contrast, the normalized yield and
post-yield displacements are significantly shorter in both Longshanks
lines, leading to a total displacement that was less than half that of
controls. The shorter normalized PYD indicates that Longshanks
bones are significantly more brittle. Similarly, the Longshanks tibiae
were significantly more rigid (Table 2, Fig. 2A). Taken together, the
similar bending moments but different mean normalized deflections
in control versus Longshanks tibiae contribute to a mean normalized
work-to-fracture in both Longshanks lines that is approximately half
its value in the control bone.

Bone tissue mechanical properties
The bone tissue strength properties estimated by combining three-
point bending and cross-sectional geometry data were consistent
with the whole bone bending data (Fig. 2B, Table 2). Specifically,
we found no differences among lines in the yield and ultimate
strengths of bone tissue; however, the mean estimated elastic
modulus, which reflects the resistance to deformation when bone

tissue is loaded, was approximately twice as great in Longshanks as
in control tibiae.

Bone tissue composition
There was no difference in mean mass among the F16 females used
for bone composition analysis (Table 3). Mean water content was
∼8% higher in Longshanks bones, while ash content and dry bone
density differed from levels in the control by less than 2%.We found
no statistically significant differences among the lines in water
content, dry density or in the proportion of mineralized tissue
(Fig. 3, Table 3).

DISCUSSION
In this study, we tested whether whole bone and tissue-level
mechanical properties, as well as bone composition, were altered by
changes in length and shape of the tibia in a mouse selectively bred
for greater tibia length relative to body mass. Our shape analysis
confirms and extends our previous observations in Longshanks line
LS1 at generation F10, in that the tibia in both Longshanks lines has
become more gracile at generation F15, when compared to the
randomly bred control mice (Cosman et al., 2016). Furthermore, the
cross-sectional geometry at the midshaft in all three lines was
similar, with the exception of the lower relative cortical area in

Table 2. Least squares means and standard errors of the bending strength at the tibia midshaft in the three lines, estimated at the covariate mean
body mass (36.18 g)

Property LS1 (n=23) LS2 (n=25) Control (n=17)

Body mass (g) 38.689 (1.121)C 35.184 (0.604) 34.565 (1.012)
Tibia length (mm) 19.972 (0.108)C 19.96 (0.099)C 17.846 (0.122)LS1,LS2

Yield moment (N mm) 23.064 (1.33) 25.333 (1.206) 22.377 (1.504)
Maximum moment (N mm) 25.26 (1.46) 26.32 (1.36) 23.97 (1.68)
Fracture moment (N mm) 22.22 (1.67) 22.89 (1.52) 22.92 (1.89)
Normalized displacement to yield (mm mm−2) 0.087 (0.009)C 0.093 (0.007)C 0.205 (0.01)LS1,LS2

Normalized post-yield displacement (mm mm−2) 0.103 (0.016)C 0.116 (0.015)C 0.22 (0.019)LS1,LS2

Rigidity (N mm2) 303.5 (18.53)C 307.19 (16.49)C 136.16 (20.95)LS1,LS2

Work to fracture (N) 3.269 (0.41)C 4.011 (0.384)C 7.368 (0.463)LS1,LS2

Yield strength (MPa) 28.42 (1.77) 31.63 (1.68) 29.25 (2.28)
Ultimate strength (MPa) 30.8 (1.79) 32.88 (1.7) 31.12 (2.31)
E (MPa) 498.44 (28.62)C 517.86 (27.1)C 253.63 (36.81)LS1,LS2

Superscripts denote significant differences in LS means (P<0.05) between a given group and: CControl, LS1Longshanks 1, LS2Longshanks 2 (Tukey’s HSD).
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Longshanks, which is likely due to their slightly larger endosteal
cavities. Our whole bone mechanical testing on the tibia revealed
significant differences in the bending behavior of Longshanks
versus control bones. In accordance with the broadly similar
midshaft cross-sectional properties among lines, we found no
differences among lines in the yield, maximum and fracture
moments experienced by the tibia in whole bone bending
(Fig. 2A). In other words, despite being longer by ∼13% relative
to body mass, the Longshanks tibiae remain appropriately
buttressed against external bending moments. This pattern holds
when looking at tissue-level yield and ultimate strengths, which did
not differ significantly among lines (Fig. 2B).
In contrast, Longshanks and control bones exhibited striking

differences in their elastic properties. Specifically, in whole
bone bending, Longshanks tibiae were significantly more rigid,
experiencing bending moments that were over twice as great per unit
normalized displacement relative to controls (Fig. 2A, Table 2).
Furthermore, normalized displacements to yield and post-yield
displacement to fracture were half as great as in controls, indicating
that bones were also more brittle, in addition to their increased
rigidity. Partly as a result of this increased rigidity and brittleness, the
averagework required to break a Longshanks tibiawas 45–55% lower
than that required to break a control tibia. These changes in the elastic
properties of the bones were further supported by our observation that
a third of control tibiae had to be removed from the strength analysis
because their bending displacements exceeded the mechanical
tester’s maximum travel distance, whereas only ∼14–15% of the
Longshanks bones had to be excluded for this reason (3-group
chi-square test, χ2=4.47, P=0.107).
At the tissue level, our estimates of elastic modulus, ameasure of the

resistance of a unit of bone tissue to deformation when loaded, suggest
that the observed increase in rigidity of the Longshanks tibia may arise
from changes in themechanical properties of cortical bone tissue itself,
rather than from changes in its cortical geometry or overall shape.
Whole bone strength is influenced by both structural and material

properties of bones; however, brittleness is thought to reflect the tissue-
level material properties of bone, such as bone mineralization and/or
bone matrix composition (Jepsen et al., 1996; Jepsen et al., 2001;
Wang et al., 2001; Silva et al., 2006). In this context, the greater elastic
modulus and brittleness of Longshanks bones suggest that their
cortical tissue propertiesmay have been altered as a correlated response
to selection for increased relative bone length.

To examine this possibility, we quantified basic bone
composition on samples of F16 tibia diaphyses in the three
groups. Bone composition data showed that water content, mineral
content and dry bone density did not differ among the lines (Fig. 3).
These data are in agreement with our previous analyses of the tibia
metaphysis and shaft in Longshanks. Using complementary μCT-
based methods, Farooq et al. (2017) found that tissue mineral
density (TMD) was lower by ∼7% in LS1 compared with controls
and LS2, while the TMD of LS2 was the same as in controls. This
trend can be observed in the present ash content analysis, although
the difference was much smaller, and not statistically significant
(∼1.5% lower in LS1 compared with control; Table 3, Fig. 3). We
may tentatively exclude mineral content as the basis of brittle bones
in Longshanks mice, however, because increased mineralization
is associated with increased stiffness/brittleness of bone tissue
(Currey, 1999; Jepsen et al., 2001; Mulder et al., 2008). Moreover,
Farooq et al. (2017) found no differences in cortical
microarchitecture based on high-resolution X-ray microscopy of
the tibia diaphysis, including porosity. The lack of changes in tissue
mineral composition and microarchitecture suggests that the
molecular organization and composition of the organic bony
matrix itself may be altered in Longshanks bones in ways that
contribute to their brittleness. Future work that directly assesses
elastic modulus, cortical matrix composition, including collagen
fibril content, orientation and organization (Martin and Ishida,
1989), will help to determine whether selection for longer tibiae
altered the molecular and/or developmental properties of brittle
bones in Longshanks mice.

Broader implications
We have shown that selection for increased relative tibia length,
mediated largely by accelerated longitudinal growth (Marchini and
Rolian, 2018), did not alter whole bone bending strength, but
substantially increased rigidity and brittleness of the tibia, in as few as
15 generations of selective breeding (∼3.5 years). Although caution
is warranted in generalizing from this experimental system, our
results have implications for bone mechanical properties in the

Table 3. Observedmeans and standard errors of bone composition and
density

Property LS1 (n=8) LS2 (n=8) Control (n=8)

Body mass (g) 32.58 (0.97) 30.57 (0.73) 29.97 (1.32)
Water content (%) 7.98 (0.83) 7.76 (0.88) 7.27 (0.95)
Ash content (%) 62.74 (0.69) 62.98 (0.89) 63.73 (0.47)
Bone density (mg mm−3) 1.76 (0.01) 1.74 (0.02) 1.74 (0.02)
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Fig. 3. Tissue composition of the tibia diaphysis. Boxplots show the median (line), interquartile range (box), non-outlier range (whiskers) and outliers (circles)
of (A) bone water content, (B) bone ash content and (C) bone density in the two Longshanks lines and in control tibiae.
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evolution of functional specializations in other species, both domestic
and wild. For example, our data indicate that selection for accelerated
skeletal growth can increase bone brittleness. In an analysis
comparing domestic white leghorn chickens selectively bred for
rapid growth in body mass to their putative ancestral stock, the red
junglefowl, Rubin et al. (2007) showed that the former have longer
femora, and substantially increased stiffness and reduced PYD,
similar to Longshanks mice. This increased brittleness occurred even
though the white leghorn’s body mass, bone mineral content and
cortical geometries also responded to selection in ways that improve
bone strength (Rubin et al., 2007; Wright et al., 2010). Similarly, the
greyhound, a sprinting dog selectively bred for long, tapered limbs,
has significantly stiffer and more brittle bones than the pit bull, which
is selectively bred for fighting (Kemp et al., 2004, 2005).
In wild species, evolution of long, tapered limbs related to

functional specializations such as sprinting or leaping, could similarly
lead to changes in the elastic properties of the long bones, for example,
increasing their stiffness while reducing their ductility. Should these
long bones experience bending moments that cause deformations
beyond the elastic region (i.e. past its yield point), then increased
brittleness may make them more prone to fracture. While it is not
known how often this happens in the wild, an increased fracture risk
presumably carries negative consequences for evolutionary fitness
(Bramblett, 1967; Taylor, 1971; Bulstrode et al., 1986; Bertram and
Biewener, 1988; Lovell, 1991; Jurmain, 1997; ter Hofstede et al.,
2003; Forsman et al., 2006; Carter et al., 2008), and thus over
evolutionary timescales, this may favor the correlated evolution of
compensatory mechanisms that help to mitigate the impact of long
tapered bones on fracture risk. Such mechanisms could include
structural changes of the limb long bones, such as fusion of bony
elements (Moore et al., 2015) and/or changes in life history traits
including delayed skeletal maturation to maintain growth rates within
physiologically optimal ranges for bony matrix synthesis. For
example, a study of 25 families of non-passerine birds found a
positive correlation between wing length and fledgling periods
(Carrier and Auriemma, 1992). Powered flight may be ontogenetically
delayed in these species in order to maintain limb bone growth rates
within a safe range for their structural integrity. Further analyses,
especially in mammals, will be necessary to test the complex
relationships between life history and skeletal physiology and strength.
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