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Abstract
Skeletal fragility is an important health problem with a large genetic component. We performed a
603 animal F2 reciprocal intercross of the recombinant congenic strains HcB-8 and HcB-23 to
genetically map quantitative trait loci (QTLs) for tissue-level femoral biomechanical performance.
These included elastic and post-yield strain, Young’s modulus, stress and maximum strain, and
toughness and were calculated from 3-point bend testing of femora by the application of standard
beam equations. We mapped these with R/qtl and QTL Cartographer and established significance
levels empirically by permutation testing. Significant QTLs for at least one trait are present on
chromosomes 1, 6, and 10 in the full F2 population, with additional QTLs evident in subpopulations
defined by sex and cross direction. On chromosome 10, we find a QTL for post-yield strain and
toughness, phenotypes that have not been mapped previously. Notably, the HcB-8 allele at this QTL
increases post-yield strain and toughness, but decreases bone mineral density (BMD), while the
material property QTLs on chromosomes 1, 6, and at a second chromosome 10 QTL are independent
of BMD. We found significant sex × QTL and cross-direction × QTL interactions. A robust,
pleiotropic chromosome 4 QTL that we previously reported at the whole bone level showed no
evidence of linkage at the tissue level, supporting our interpretation that modeling capacity is its
primary phenotype. . Our data demonstrate an inverse relationship between femoral perimeter and
Young’s modulus, with R2 = 0.27, supporting the view that geometric and material bone properties
are subject to an integrated set of regulatory mechanisms. Mapping QTLs for tissue-level
biomechanical performance advances understanding of the genetic basis of bone quality.
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INTRODUCTION
Skeletal fragility is an important health problem (for review, see [1]). In developed countries,
the burden of fracture-related morbidity and mortality is increasing as the population ages.
Multiple risk factors for fracture have been identified in epidemiological studies (e.g. [2,3]).
Moreover, it is well-established that the genetic contribution to fracture risk is substantial (for
review, see ([4–6]).

For these reasons, there has been substantial interest in identifying the genes and alleles that
underlie the genetic contribution to differences in fracture risk. The majority of this literature
is devoted to bone mineral density as the phenotype of interest, although an increasing fraction
now also addresses bone size as well. Biomechanical performance has been studied as a
phenotypic endpoint in only a small number of rodent genetic mapping experiments [7–17].
The relative dearth of biomechanical genetic investigations reflects the very real barriers to
their successful completion: greater technical difficulty, lesser robustness of the phenotypes,
and ultimately lesser statistical power to find quantitative trait loci (QTLs). Thus, in striking
the balance between the similarity of the outcome measures to the clinical endpoint of fracture
and experimental feasibility, the balance has generally favored the pragmatic issues.

Yet, to achieve the ultimate goal of identifying the genes responsible for variation in bone’s
biomechanical performance, will require that we understand the biology underlying the
phenotypes studied. These are generally remote from the actions of individual genes at the
cellular level, so that identifying a QTL with a specific gene is challenging even under the most
favorable circumstances. When confronted with a set of positional candidate genes identified
by linkage mapping or whole genome association mapping, it is necessary to consider the
mechanisms that might lead from gene to the measured phenotype to decide which among them
is likeliest to be the responsible gene. Moreover, clinically important phenotypes are not
equally well represented by surrogate measures such as bone mineral density. Bone mineral
density is a reasonably useful marker for the load that a bone can tolerate, but it provides no
insight into how much a bone can bend, or how well a damaged bone is able to resist completion
of a fracture. These bone properties are both aspects of bone quality, and are difficult to measure
noninvasively, and are therefore appropriate targets for study in a model system.

It is useful to distinguish the relative contributions of bone tissue’s inherent mechanical
behavior, bone size, and bone architecture to whole bone strength and to map genes for each
of them. However, these conceptual components of bone biomechanical performance do not
correspond to the usual measurements that are obtained in real experimental settings. This is
particularly true in mice, whose bones are too small to allow uniform specimens to be prepared
for mechanical testing. A standard approach to achieve this end is to test whole bones and then
apply beam theory to “factor out” the contribution of bone size to its mechanical performance.
Simple algebraic transformations calculate material, i.e. tissue-level, properties (strain, stress,
toughness, modulus) from biomechanical tests of whole bones (displacement, load, energy,
and stiffness) and measures of whole bone geometry [18]. Here, we report application of beam
theory to map genes for tissue-level biomechanical performance in a reciprocal intercross of
the recombinant congenic strains HcB-8 and HcB-23 that we recently analyzed at the whole
bone level [19]. HcB-8 and HcB-23 were chosen as parental strains because we previously
found that they differ greatly in tissue-level mechanical performance of humeral cortical bone,
and that these differences are accompanied by differences in collagen cross-linking and apatite
crystallinity [20,21]. We find that most of the QTLs identified in that prior study also include
material-level mechanical performance phenotypes. We report here successful linkage
mapping of QTLs for post-yield strain and toughness, phenotypes that have not previously
been mapped genetically. We also note an important negative result: a robust pleiotropic
chromosome 4 QTL affecting bone size, strength and bone mineral density, which yielded the

Saless et al. Page 2

Bone. Author manuscript; available in PMC 2011 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



strongest evidence of linkage for whole bone biomechanics [19], was not detected for any
aspect of tissue-level biomechanical performance.

MATERIALS AND METHODS
Mice

The parental mice in this study were the recombinant congenic strains HcB-8 and HcB-23,
produced by inbreeding N3 C3H/DiSnA (C3H) × C57BL/10ScSnA (B10) mice to fixation
[22]. This breeding program resulted in inbred strains harboring alleles of B10 origin at
approximately 1/8 of the genome on a C3H background. Therefore, only approximately ¼ of
the genome segregates in an intercross of HcB-8 and HcB-23, with the remaining portions of
the genome fixed for the same allele in both parental strains. We performed a reciprocal F2
intercross, producing 603 F2 mice, and maintained the animals to an age of 17 ± 1 weeks, as
this is the age at which mice achieve peak bone mass [23]. Mice were housed 2–5 mice per
500cm2 cages, with 12h light-dark cycling, given autoclaved tap water and fed laboratory
rodent chow 5001 (PMI Nutrition International, Richmond, IN) ad lib. Animals were
euthanized by CO2 inhalation, following AVMA recommendation. Immediately following
sacrifice, animals were weighed and measured (rostro-anal length), viscera were harvested for
DNA isolation (Puregene), and femora and humeri were dissected free of soft tissue for
additional phenotyping. Bones were wrapped in phosphate buffered saline-saturated gauze and
stored frozen at −70°. The animal protocol was approved by the University of Wisconsin and
the William S. Middleton Memorial Veterans’ Hospital IACUCs.

Phenotyping
We measured areal BMD of isolated femora by DXA as previously described [24].

We tested femoral diaphysis biomechanical performance and bone dimensions in the plane of
testing as previously described [19]. Whole bone biomechanical properties were obtained
directly from the load-displacement curves and included elastic displacement (bending of the
bone at the yield point), post-yield strain (bending of the bone between the yield point and
fracture), total deflection (sum of elastic and post-yield deflections), yield load (load at the
yield point, where the slope of the load-displacement curve declines by 5%), maximum load,
stiffness (slope of the linear region of the load-displacement curve), and energy to failure (area
under the load-displacement curve). Images of the fracture surface yielded the bone geometry,
including the anteroposterior diameter and anteroposterior cross-sectional moment of inertia
used in the beam equations.

We used the geometric properties and the whole bone mechanical testing data to calculate the
material properties of the bone tissue according to the standard beam theory equations [18],
using the averages of both femora for linkage analysis: Stress (σ), (MPa) = FLc/4I with F=
force, L = length, c = outer diameter in the plane of bending

Strain (ε), (mm/mm) = 12cd/L2 with c = outer diameter in the plane of bending, d =
displacement, L = length

Young’s Modulus (E), (MPa) = (F/d)(L3/48I), with F = force, L = length, and I = cross sectional
moment of inertia in the plane of bending.

Toughness (K), (MPa) = area under the stress strain curve
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Genotyping and linkage analysis
We genotyped the F2 progeny at 41 microsatellite markers informative in the cross [25], using
standard methods. Map positions of markers and genes are based the Mouse Genome Database
(build 37) (http://www.informatics.jax.org/genes.shtml) [26]. We adjusted the locations of
D1Mit105, and D3Mit199 to reflect the observed recombination frequencies in our cross
[19]. The markers, map locations, and reaction conditions are given in table 1 of reference
15.

We performed the primary linkage analysis by interval mapping [27] as implemented in R/qtl
[28], using the Haley-Knott regression method [29] We performed the linkage analysis using
sex and cross arm as additive covariates (.i.e. phenotypes adjusted by linear regression for sex
and cross direction). We performed secondary analyses by composite interval mapping analysis
[30] and multiple trait linkage analysis [31] as implemented in QTL Cartographer [32,33]. For
tests of QTL interactions with sex, cross direction, or both, we explicitly compared the covariate
in question as an interactive covariate in the full linkage model and compared it to a model in
which both sex and cross direction were treated as additive covariates. Algebraically, the
additive model can be represented as follows:

P = q1 + q2 + ….qn + R, where P is the sex and cross-adjusted phenotype value, the qi’s are
the contributions of each QTL to the phenotype, and R is the residual phenotypic variance. A
model including sex × QTL interactions is then:

P = q1 + q2 + …qn + q1*S + q2*S …qn*S, where qi*S is the interaction of each QTL with
sex. Cross × QTL interactions follow exactly the same form, with inclusion of a series of qi*C
terms. Simultaneous sex and cross interaction models include both sets of interaction terms in
the model. The interaction LOD score is the difference between full model LOD score and
additive model LOD score [28,34]. We established significance thresholds empirically by
permutation tests [35]. For the interaction tests, we used the same seed value to ensure that the
permutation tests examined the same simulated data sets. The additive model includes 2 degrees
of freedom (additive and dominance effects), and the interactive models include an additional
2 degrees of freedom for each included interactive factor (factor × QTL additive effect and
factor × QTL dominance effect). Thus, the full model including interactions for both sex and
cross direction has 6 degrees of freedom. The significance threshold for the interaction test
was experiment-wide p < 0.05.

Other statistical analyses
Comparisons of intercross subgroups were by 2-way ANOVA, with sex and cross direction as
factors, with post hoc evaluation of significant differences between groups by the Holm-Sidak
test. If necessary, we transformed the raw data to satisfy the assumptions of parametric
statistical testing or used the non-parametric rank sum test or ANOVA on ranks when common
transforms failed to normalize the data and stabilize the variances. Statistical analyses were
performed with SigmaStat 3.0 (SPSS).

RESULTS
We phenotyped 603 F2 mice by quasi-static 3-point bending and image analysis of the fracture
surfaces. We applied standard beam equations to calculate strain and stress. The parental
phenotypes, at both the whole bone and tissue levels, are summarized in table 1. The parental
strains HcB-8 and HcB-23 differ in multiple whole bone phenotypes, with HcB-23 having
larger, more elliptical, stiffer, and more brittle bones whose yield and maximum loads are larger
but whose energy to failure is lower than HcB-8 bones. At the tissue level, HcB-8 bones have
greater yield and maximum stress, post-yield and total strain, Young’s modulus, and toughness.
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We used each calculated material-level biomechanical property as a trait to perform linkage
analysis. The traits used for linkage mapping were yield strain, post-yield strain, failure strain,
yield stress, maximum stress, Young’s modulus, and toughness. Because of the breeding
scheme by which HcB-8 and HcB-23 were established, only ~1/4 of the genome segregates,
and QTLs can only be found within those regions of the genome. The informative regions for
linkage include segments on chromosomes 1, 2, 3, 4, 6, 9, 10, 15, 17, and 19. The results are
summarized in figure 1 and table 2. Chromosomes 1, 6, and 10 display significant linkage to
one or more material properties in the entire 603 animal F2 population. Significant linkages
are also present on chromosomes 2 and 3 in one or more subgroups of the F2. All the traits
except for Young’s modulus yielded at least one significant QTL in at least one subgroup of
the F2 population. The effect sizes for the material property QTLs are summarized in table 3.

The linkage analysis revealed significant sex × QTL interactions on chromosomes 6 and 10
and a significant cross × QTL interaction on chromosome 6. These are summarized in table 4
and figure 2. These interactions represent a difference in the linkage relationship by virtue of
sex or cross direction, not simply the tendency of the phenotype to differ between males and
females, or between 8 × 23 and 23 × 8 animals. Graphically, the interactive effect is the distance
separating the LOD solid and dotted plots, which show the LOD scores in the interactive and
additive models (figure 2). The biological impact of the interaction is easily appreciated by
comparing the male and female chromosome 6 linkage plots (figure 1c v figure 1b). There is
a significant QTL on chromosome 6 in males, but not in females. The magnitude of the QTL
in males is sufficient so that the QTL remains apparent in the entire population.

Finally, we explored the relationship between Young’s modulus and bone size, finding that
there is a strong inverse correlation between these as shown in figure 3. Perimeter accounts for
more than ¼ of the observed variability of modulus. Adding cortical thickness into the model
did not improve the regression model’s explanatory power.

DISCUSSION
Our study reveals QTLs for post yield strain and toughness on chromosome 10, for yield and
maximum stress on chromosomes 1 and 10, and maximum stress on chromosome 6. The
chromosome 1 and 6 QTLs do not coincide with BMD QTLs [19]. The chromosome 10 QTL
for post-yield strain and toughness also affects BMD, but the relationship between BMD and
the tissue level properties is inverse, with the HcB-8 allele increasing post-yield strain and
toughness but decreasing BMD. The chromosome 10 QTL for yield and maximum stress is
located 20 cM from that affecting BMD, post-yield strain, and toughness. The chromosome
10 post-yield strain, toughness and BMD QTL overlaps that reported for maximum load and
energy to failure observed in a C57BL/6J × C3H/HeJ intercross [8]. Notably, these
investigators noted that this QTL affected biomechanical performance but not bone geometry,
in exact accordance with our data. Additional material property QTLs are identified in specific
subgroups of the F2 population. The locations of the material property QTLs coincide with
those of QTLs we mapped for either whole bone biomechanical performance or bone geometry
in this cross [19]. The QTL on chromosome 6 is more robust at the tissue level than at the
whole bone level, raising the possibility that this locus’s primary effect may be exerted at the
level of bone matrix composition, rather than by an effect on bone modeling. Wergedal and
colleagues [9] undertook comprehensive mapping of femoral biomechanical performance and
geometry in a NZB/B1NJ × RF/J intercross, and reported that the majority of the mechanical
performance QTLs also impacted either bone size or BMD. By mapping tissue-level
biomechanical performance QTLs, the data presented here represent an advance in identifying
the genetic factors that underlie bone quality.
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Notably absent is a linkage peak on chromosome 4, where we found a pleiotropic QTL for
whole bone biomechanical performance and bone geometry in our earlier work [19]. Our
experiment provided 65% power to detect a QTL with effect size = 2% of the F2 variance,
80% power to detect a QTL with effect size = 3%, and 95% power to detect a QTL with effect
size 4% [27]. Traditionally, a population is deemed sufficient if it yields 50% power to detect
a QTL. In our cross, the threshold effect size by this criterion is 1.7% of the F2 variance [36].
This QTL included the highest LOD scores we obtained at the whole-bone level: LODs of 17.5
for shape factor, 13.4 for cross-sectional area, 13.1 for maximum load, 12.7 for outer major
axis, 9.5 for yield load, 9.2 for slenderness, 8.8 for femoral BMD, 7.8 for perimeter, 6.5 for
stiffness, 4.8 for body mass, 4.1 for cross-sectional moment of inertia, and 4.1 for femoral
length. The minimum fraction of the whole bone F2 variance explained by the chromosome 4
QTL (i.e. its weakest contribution to any of the linked phenotypes) was 2.5%. The negative
linkage result for chromosome 4 therefore can’t simply be dismissed as a result of an
underpowered experiment. The negative result for tissue-level biomechanical performance
suggests that the biomechanical impact of the chromosome 4 QTL is exerted via its effect on
bone geometry rather than via an alteration the composition or structural organization of the
bone matrix. We proposed that the gene responsible for the chromosome 4 QTL is Ece1, and
that it exerts its actions by modulating Wnt signaling, resulting in differential mechanical
responsiveness and consequent differences in bone modeling during growth. The absence of
a material property QTL at this site supports the putative mechanism, which involves changes
in bone size but not intrinsic tissue-level mechanical performance. The absence of a tissue-
level QTL on chromosome 4 once again highlights that BMD reflects only a subset of
biomechanical properties.

A QTL’s LOD score is a function of three different properties of an experiment. First among
these is the inherent strength of the genetic contribution to the observed phenotypic differences.
Large phenotypic differences between the parental strains and restriction of the segregating
portion of the genome both contribute to increasing the probability that the underlying genetic
contribution will be large. The second contributor is the distance between the marker loci and
the mapped QTL, with large distances between markers and QTLs reducing LOD scores. In
contemporary mouse experiments, it is possible to obtain virtual saturation of the genome with
markers, so that marker spacing can largely be ignored when medium- to high-density
genotyping is performed. The third determinant of linkage signal strength is the robustness of
the phenotypes being mapped. Indeed, the performance characteristics of biomechanical
testing outcomes are poorer than those of anatomical measurements of bones, and hence would
be expected to yield lower LOD scores even if the inherent strength of the genetic signal was
equal. Our mapping data reinforce earlier work assessing the reproducibility of biomechanical
testing [37]. This work demonstrated that maximum load is the most robust property measured
in 3-point bending of rodent bones, performing nearly twice as well as whole bone stiffness
and approximately five times as well as energy to failure. By measuring all the phenotypes in
both femora in each animal and using the average values for linkage mapping, we were able
to partially overcome the poor reproducibility of 3-point bend testing. In our earlier report
[19], we obtained the greatest LOD scores for bone size phenotypes, followed by strength
phenotypes, and with the least robust LOD scores obtained for energy and displacement. In
mapping the calculated tissue-level properties here, application of the standard beam equations
revealed sufficiently large differences between the parental strains’ toughness for the QTL for
toughness on chromosome 10 to be the single strongest linkage signal in this study in spite of
the technical limitations of the test.

The HcB-8 and HcB-23 mechanical properties at the femur are consistent with those we earlier
reported at the humerus [20,21], with HcB-8 bones being smaller, less brittle, and having
greater modulus and failure stress than HcB-23 bones. In that earlier work, we reported that
FTIR-spectroscopy suggested that HcB-8 bones contain collagen with a higher proportion of
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mature collagen cross-links and more crystalline apatite than do HcB-23 bones, thus providing
a possible chemical basis for the lesser brittleness and greater modulus of HcB-8 bones [20,
21]. The greater energy to failure and calculated fracture toughness of HcB-8 femora is at
variance with Ritchie et al.’s assertion [38] that energy to failure calculated from 3 point
bending tests of intact bones reflects the same properties as indices of strength. Were these
authors correct, then there would be a high correlation between yield stress or maximum stress
and toughness. This is not the case in our data, and the discrepancy is important biologically
[39,40]. Post-yield strain, not yield or maximum stress, is the dominant factor in determining
toughness. However, we agree with those authors that such tests are less than ideal for
measuring toughness, and that crack propagation experiments provide a theoretically better,
but technically more challenging approach to the problem. In the context of a genetic mapping
experiment, in which hundreds of animals must be studied, crack propagation is not feasible.

We report a strong inverse relationship between the femoral diaphyseal perimeter and its
modulus, with R2 = 0.27. The mechanostat hypothesis [41,42] postulates that strain is the
physiological perturbation whose excursion is being limited by bone modeling. Strain can be
reduced either by increasing a bone’s size, thus increasing its structural stiffness, or by
increasing the tissue’s inherent stiffness, i.e. its modulus. The inverse relationship we observe
is therefore fully consistent with the model, but does not allow us to determine which is the
“primary” phenotype and which represents an adaptation to the primary phenotype. Jepsen and
colleagues [40,43,44] have used the developmental trajectories of mouse femora to extract
descriptive equations for the relationship between periosteal bone apposition and cortical
thickness. These models provide an understanding of the adaptive range over which
biologically optimized solutions to maintaining bone stiffness can occur, but are unable to
provide insight into the cellular and molecular mechanisms that lead to varied growth
trajectories. Rather, that understanding will require that the responsible genes and their variants
be identified and their functions be elaborated.

The experiments reported here have important limitations that should be recognized. First, only
~1/4 of the genome is informative in the cross, thus limiting our ability to map genes that
contribute to bone biomechanical performance to the chromosome segments where HcB-8 and
HcB-23 harbor different alleles. Second, other mouse strains harbor additional alleles that
contribute to variation in biomechanical performance. Third, 3-point bending and use of beam
equations to calculate tissue-level biomechanical performance are each far from ideal [37,
45]. Beam equations systematically underestimate modulus, in part because bones do not
satisfy the theory’s assumptions and in part because differences in cortical thickness affect
apparent stiffness [45]). Indeed, these limitations may contribute to our failure to map any
QTLs for Young’s modulus.

In summary, linkage mapping of tissue-level biomechanical performance in an intercross
between HcB-8 and HcB-23 identifies QTLs that coincide with those for whole bone
biomechanics and femoral diaphyseal geometry. Notably absent, however, is evidence of
linkage to chromosome 4, supporting our inference [19] that the chromosome 4 QTL acts
primarily on bone size. Our data support the existence of a reciprocal relationship between
bone size and Young’s modulus, reflecting homeostatic regulation of strain, as predicted by
the mechanostat hypothesis. Given the known association of bone size and BMD with
biomechanical performance, our data mapping tissue-level biomechanical QTLs represent a
step toward identifying the genetic basis of bone quality.
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Figure 1. Linkage Maps of the HcB-8 × HcB-23 Intercross
A. All animals. B. All females. C. All males. D. All 8 × 23. E. 8 × 23 females. F. 8 × 23 males.
G. All 23 × 8. H. 23 × 8 females. G. 23 × 8 males. In each panel the linkage map includes
chromosomes 1, 2, 3, 6, and 10. While there are informative regions on chromosomes 4, 9, 15,
17, and 19, none harbor significant QTLs and they are therefore omitted for greater clarity.
Location in the genome is shown on the X axis, with chromosomes labeled. LOD score is
shown on the Y axis. The continuous horizontal lines are the p = 0.05 experiment-wide
significance thresholds established by permutation testing, and these range from LOD = 2.7 to
LOD = 2.9. Line types are as follows: yield strain = red solid, post-yield strain = blue solid,
total strain = black solid, yield stress = green solid, maximum strain = magenta solid, Young’s
modulus = red dashed, toughness = black dashed.
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Figure 2. Significant Interactions of Sex and Cross Direction with QTLs
A. Sex × QTL interaction on chromosome 10. B. Sex × Cross Direction × QTL Interaction on
chromosome 6. Map position is plotted on the X axis and LOD score is plotted on the Y axis.
The solid lines indicate the LOD scores for the interactive model, while the dotted lines indicate
the LOD scores for the model in which sex and cross direction are both additive covariates
(i.e. trait values adjusted for sex and cross direction).
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Figure 3. Regression of Young’s modulus on femoral diaphysis perimeter
Each point represents 1 animal, and is the average of the measurements of the left and right
femora. N = 603.
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Table 4

Sex × QTL and Cross × QTL Interactions

Covariate Chromosome Map Position Trait (interaction p value)

Sex 10 19 Post-Yield Strain (0.049)

Sex and Cross 6 32 Yield Strain (0.016)
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