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ABSTRACT: A path analysis was conducted to determine whether functional interactions exist among mor-
phological, compositional, and microstructural traits for young adult human tibias. Data provided evidence
that bone traits are co-adapted during ontogeny so that the sets of traits together satisfy physiological loading
demands. However, certain sets of traits are expected to perform poorly under extreme load conditions.

Introduction: Previous data from inbred mouse strains suggested that biological processes within bone co-
adapt morphological and compositional traits during ontogeny to satisfy physiological loading demands.
Similar work in young adult humans showed that cortical tissue from slender tibias was stiffer, less ductile, and
more susceptible to accumulating damage. Here we tested whether the relationships among morphology and
tissue level mechanical properties were the result of biological processes that co-adapt physical traits, similar
to those observed for the mouse skeleton.
Materials and Methods: Cross-sectional morphology, bone slenderness (Tt.Ar/Le), and tissue level mechani-
cal properties were measured from tibias from 14 female (22–46 yr old) and 17 male (17–46 yr old) donors.
Physical bone traits measured included tissue density, ash content, water content, porosity, and the area
fractions of osteonal, interstitial, and circumferential lamellar tissues. Bivariate relationships among traits were
determined using linear regression analysis. A path analysis was conducted to test the hypothesis that Tt.Ar/Le
is functionally related to mineralization (ash content) and the proportion of total area occupied by cortical
bone.
Results: Ash content correlated negatively with several traits including Tt.Ar/Le and marrow area, indicating
that slender bones were constructed of tissue with higher mineralization. Path analysis revealed that slender
tibias were compensated by higher mineralization and a greater area fraction of bone.
Conclusions: The results suggest that bone adapts by varying the relative amount of cortical bone within the
diaphysis and by varying matrix composition. This co-adaptation is expected to lead to a particular set of traits
that is sufficiently stiff and strong to support daily loads. However, increases in mineralization result in a more
brittle and damageable material that would be expected to perform poorly under extreme load conditions.
Therefore, focusing attention on sets of traits and the relationship among traits may advance our understand-
ing of how genetic and environmental factors influence bone fragility.
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INTRODUCTION

THE INCREASED RISK of fracture observed for individuals
with slender bones(1–10) has generally been attributed

to the reduced load-bearing capacity associated with small
cross-sectional size or mass.(11,12) However, recent studies
from our laboratory suggest that variation in tissue quality
may also contribute to the increased fracture risk for these
individuals. Studies using femora from inbred mouse strains
showed that genetic variation in bone slenderness, defined
as cross-sectional size relative to length, explained ∼50% of

the variation in cortical thickness and tissue mineral den-
sity.(13–15) We found that slender femora tended to have
thicker cortices and higher tissue mineral density, whereas
robust femora tended to have thinner cortices and lower
tissue mineral density. The correlation between these traits
provided evidence that these traits are functionally related
(or interacting) in the sense that there are biological pro-
cesses within bone that work to co-adapt morphological
and tissue quality traits during ontogeny.(16–21) The term
functional interaction is used because presumably these
biological processes ensure that the set of traits is suffi-
ciently stiff and strong for daily loads.(22–24)

A downside of these biological processes is that not allThe authors state that they have no conflicts of interest.
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sets of traits result in equivalent failure mechanisms. For
slender bones, the compensatory increases in cortical thick-
ness and tissue mineral density may help to increase organ
level stiffness, but the reduced tissue ductility and tough-
ness associated with the greater tissue mineral density(25)

may increase the risk of fracturing under extreme loading
conditions, such as low cycle fatigue (e.g., military training)
and overloading (e.g., falling). Previous data suggested that
the human skeleton may possess biological processes that
co-adapt traits,(16,21,26) similar to those observed for the
mouse skeleton. Cortical tissue from slender tibias of young
adult males and females was stiffer, less ductile, and more
susceptible to accumulating damage compared with tissue
from more robust tibias.(27,28) Thus, the biological pro-
cesses that co-adapt traits to accommodate variable bone
size or mass may also contribute to increased fracture risk.

The goal of this study was to test whether morphological
and tissue quality traits are functionally related, because
this would imply there is a strong biological process in bone
that co-adapts traits. We hypothesize that the morphologi-
cal traits will co-vary with matrix composition and/or archi-
tectural traits that contribute to bone stiffness and strength.
For slender bones, we postulate that the small cross-
sectional size is compensated by higher mineralization and
a proportionally greater amount of cortex. We tested this
hypothesis by conducting a path analysis to determine
whether there are functional interactions among morpho-
logical and tissue quality traits for young adult human
tibias.

MATERIALS AND METHODS

Sample population

Tibias of 14 female donors (12 white, 1 black, and 1 un-
known) 22–46 yr of age (average age � 36.9 ± 8.1 yr) and
17 male donors (15 white, 1 Hispanic, and 1 black) 17 to 46
yr (average age � 32.9 ± 10.4 yr) were acquired from the
Musculoskeletal Transplant Foundation (Edison, NJ, USA)
and the National Disease Research Interchange (Philadel-
phia, PA, USA). The morphologic and tissue level me-
chanical property data used in this analysis were reported in
previous studies.(27,28) Donor body weight and height were
obtained from the source. Only tibias from donors with no
known skeletal pathology were included in the study. Tibias
were freshly harvested, wrapped in wet gauze, and stored in
plastic bags at −40°C.

Bone morphology

As described previously,(27,28) each tibia was assessed for
global measures of morphology, including measures of tibia
length (Le)(29) and the mid-diaphyseal bone diameters in
the anteroposterior (B.DmAP) and mediolateral (B.DmML)
directions. Cross-sectional morphological traits were quan-
tified from 3-mm-thick diaphyseal cross-sections cut at
30%, 50%, and 70% of the total tibia length. These mor-
phological traits included cortical area (Ct.Ar), total area
(Tt.Ar), marrow area (Ma.Ar), polar moment of inertia (J),
and cortical thickness (Ct.Th). All morphological traits
were averaged over the three cross-sections for each tibia.

Because the cross-section of the tibia has a nonuniform
cortical thickness, the average cortical thickness was deter-
mined as 2 × Ct.Ar/(P.Pm. + E.Pm), where P.Pm and E.Pm
are the periosteal and endosteal perimeters, respectively.
Slenderness was defined as the ratio of total area to tibia
length (Tt.Ar/Le). The ratio of internal diameter to exter-
nal diameter (K) has been examined previously in the con-
text of identifying the optimal value of K that allows for
minimal mass and maximal stiffness for hollow structures
like long bone diaphyses.(30) In this study, we tested how K
varied with sex and slenderness for human tibias. Because
the nonuniform shape of the tibia diaphysis precludes mea-
suring a single diameter directly, an estimate of the internal
and external diameters was calculated for each cross-
section from Ma.Ar and Tt.Ar, respectively, assuming a
circular cross-section. Ct.Ar/Tt.Ar correlated negatively
with K (R � −0.99, p � 0.001), as expected, indicating that
the estimated internal and external diameters provided a
reasonable approximation of K for the nonuniform tibia
cross-sections.

Tissue level mechanical properties

Cortical bone samples were prepared for biomechanical
testing as described previously.(27,28) A total of eight
samples were generated from each tibia and randomly dis-
tributed to monotonic (n � 4) and damage accumulation
(n � 4) test groups. All samples were stored at −40°C in
gauze saturated with PBS with added calcium(31) and
placed individually in airtight bags. Tissue level monotonic
properties were assessed by loading four cortical bone
samples from each tibia to failure in four-point bending at
0.05mm/s using a servohydraulic materials testing system
(Instron model 8872; Instron Corp., Canton, MA, USA).
Specimens were submerged in a PBS solution with 57.5mg/
liter of calcium added(31) and maintained at 37°C through-
out all tests. Load and deflection were converted to stress
and strain as described previously.(27) These bending equa-
tions take yielding into consideration,(32) and thus provide
an estimate of tissue strength that is consistent with tensile
mechanical properties.(33) Tissue modulus, strength, post-
yield strain, and energy-to-fracture (toughness) were calcu-
lated from the stress-strain curve. All properties were av-
eraged over the four samples tested for each tibia. Tissue
damageability was assessed for four cortical bone samples
per tibia using a protocol that was designed to induce and
accumulate cracks in cortical bone specimens and to mea-
sure the degradation of stiffness as a surrogate measure of
damage accumulation.(27,28,34) For each diagnostic cycle, i,
stiffness (Si) was calculated from a linear regression of the
initial portion of the load deformation curve. The total
amount of damage induced in each sample was calculated
by comparing the stiffness (N/mm) values measured at the
end of the entire test sequence (postdamage diagnostic
cycles) to the values measured during the initial (predam-
age) cycles.

Tissue microstructure

To test for variation in matrix organization, bone micro-
structure was assessed for each sample retrieved from the
damageability tests (n � 4/tibia). Samples were fixed, bulk-
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stained in basic fuchsin, dehydrated, and embedded unde-
calcified in poly-methylmethacrylate. For each sample, digi-
tal images of three transverse sections, 100 �m in thickness,
were taken at ×10 magnification, stitched together, and
traced using an interactive tablet monitor (Wacom Com-
pany, Tokyo, Japan). Parameters measured included poros-
ity and the area fractions of osteonal, interstitial (remod-
eled), and circumferential lamellar (unremodeled) tissues.
Both vascular canals and resorption spaces were counted as
pores. Osteonal tissue was defined as a lamellar region with
a haversian canal completely surrounded by a cement line.
Data from individual test samples were averaged for each
donor.

Tissue composition

Variation in tissue mineral density was assessed by mea-
suring the density, ash content, and water content for each
sample retrieved from the monotonic tests (n � 4/tibia).
Samples were defatted using a 1:1 volume ratio of ethanol/
ether for 8 h followed by a 2:1 volume ratio of chloroform/
methanol for 8 h. The methanol residue was removed by
using two changes of pure chloroform for 1 h each. Samples
were rehydrated, degassed in distilled water in a 25-mm Hg
vacuum for 4 h, and allowed to stand at atmospheric con-
ditions for an additional hour. Sample volume was deter-
mined using Archimedes principle by measuring the weight
while the sample was suspended from a fine wire in distilled
water (submerged weight). Samples were placed in a cen-
trifuge for 10 min at 8000g with the cap of the vial closed to
control humidity and immediately weighed to obtain the
hydrated weight. Samples were dried under vacuum at 80°C
for 24 h to constant weight and reweighed (dry weight).
Finally, samples were ashed at 600°C for 18 h, reweighed
(ash weight), degassed under vacuum for 2 h, and re-
weighed while suspended from a fine wire in distilled water
(submerged ash weight). Density was calculated as (hy-
drated weight)/(sample volume), where sample volume �
hydrated weight – submerged weight. Ash content was cal-
culated as the ash weight normalized by the hydrated
weight. Water content was calculated as (hydrated weight –
dry weight)/(hydrated weight).

Statistical analysis

Pearson correlation coefficients were calculated to test
whether the morphologic traits and the tissue level me-
chanical properties correlated significantly with the matrix
architectural and compositional traits. Differences in physi-
cal traits between males and females were determined using
a Student’s t-test. The data were not corrected for age or
body weight for either test.

Path analysis

To test the hypothesis that morphological and tissue
quality traits are functionally related, a path analysis was
conducted because this allows for testing how multiple
traits co-vary simultaneously.(35) Path models were con-
structed by specifying the directed paths among select bone
traits. Directed paths identify related traits and indicate the
direction of the relationship between them. The focus of

this analysis is the interaction of traits and not how traits
define global function. Traits were selected to test for as-
sociations between bone morphology and tissue quality pa-
rameters. We focused on ash content given our prior work
in inbred mouse strains, which showed that co-variation
among adult morphology and mineralization arise during
postnatal growth.(15,36) Therefore, finding an association
between slenderness and ash content in the human skeleton
would suggest that biological processes observed in the
mouse also exist in the human skeleton. For the path model
(Fig. 1A), we postulated that relationships occur in a par-
ticular order in which slender bones (Tt.Ar/Le) are com-
pensated by higher mineralization (ash content) and a pro-
portionally greater amount of cortical bone. Because
slender tibias tend to have a similar cortical thickness as
more robust tibias (Fig. 1B), incorporating traits like Ct.Th
or Ct.Ar into the model would not be expected to differ-
entiate individuals with more/less bone. Rather, we used
the ratio, Ct.Ar/Tt.Ar, because this trait can be related to
the relative amount of tissue, and it can be related to the
relative expansions of the periosteal and endosteal surfaces
during ontogeny. Ct.Ar/Tt.Ar also was used rather than K
because the relative amount of cortical tissue can be more
easily related to whole bone stiffness than the relative
amount of marrow space. An arrow was also included be-
tween Ct.Ar/Tt.Ar and ash content to take into consider-
ation the variance in ash content that was not accounted for
by slenderness. Data for males and females were analyzed
separately to account for the influence of dimorphic growth

FIG. 1. Schematic drawing of (A) the proposed path analysis
showing all possible combinations of connections and (B) diaphy-
seal cross-sections showing the variation in size for slender (left)
and robust (right) tibias.
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patterns. The generalized model (Fig. 1A) was modified for
each sex by specifying the minimum number of connected
traits that best explained the variance in ash content and
Ct.Ar/Tt.Ar.

Path coefficients, which represent the magnitude of the
direct and indirect relationships between traits, were cal-
culated using the standardized (Z-transformed) data
(LISREL v.8.8; Scientific Software International, Lincoln-
wood, IL, USA). Male and female data were converted to
Z-scores separately to eliminate size effects. Structural
equations were constructed using the path coefficients to
specify the interconnected relationships. Observed and
model-implied covariance matrices were compared using
maximum likelihood estimation, and overall fit was deter-
mined by a �2 test. Unlike conventional null hypothesis
testing, path analysis favors the a priori, theory-based
model such that models are only rejected if the observed
data and the expectations derived from the model do not
match (i.e., if p < 0.05).(37) Thus, �2 values with an as-
sociated p > 0.05 indicate that the model adequately fits
the data. The root mean square error of approximation
(RMSEA) was also reported as an additional fit index.
RMSEA is a measure of fit adjusted for population size and
takes the number of degrees of freedom of the model into
consideration.(38,39) For RMSEA, the p value represents
the significance of fit with p < 0.05 indicating close fit,
0.05 < p < 0.08 indicating fair fit, and p > 0.10 indicating
poor fit.(39) Path analysis as used here is similar to multi-
variate analysis in how the structural equations are devel-
oped. However, conventional multivariate methods seek to
estimate generic fixed models (e.g., canonical correlation)
and lack the flexibility required to represent the model that
best matches a particular situation (i.e., directed relation-
ships).(37) Thus, path analysis allowed us to test whether
specific relationships among morphological and composi-
tional traits exist for human tibias.

RESULTS

Tissue microstructure and composition

Although the tissue density and porosity of cortical tissue
were similar for females and males, females showed a 1.3%
greater ash content compared with males (p < 0.02, t-test),
a 4.5% lower water content (p < 0.06, t-test), and a 43%
greater area fraction of unremodeled tissue (p < 0.01, t-test)
compared with males (Table 1). Total porosity increased
with age for males (p < 0.005), but this relationship was only
borderline significant for females (p < 0.08; data not
shown). Ash content increased with age for males (p < 0.03)
but not females (p < 0.6; data not shown).

Correlation between tissue level mechanical
properties and tissue quality

Because the relationships among the tissue level me-
chanical properties and the compositional and architectural
traits were similar for males and females, the datasets were
combined for the correlation analysis. Significant correla-
tions were observed between the tissue level mechanical
properties and several of the matrix compositional and mi-

crostructural traits, as expected (Table 2). Tissue modulus
(Fig. 2A) and strength both increased with ash content,
whereas postyield strain (Fig. 2B) and toughness decreased.
Modulus, strength (Fig. 2C), toughness, and postyield strain
all decreased with increasing porosity, whereas the damage
parameter increased (Fig. 2D). The area fraction of os-
teonal tissue and unremodeled tissue showed no significant
correlations with any of the tissue level mechanical prop-
erties.

Correlation between bone morphology and
tissue quality

Linear regression analyses conducted using uncorrected
data showed significant correlations between several bone
morphological traits and measures of tissue composition
and microstructure (Table 3). Ash content correlated nega-
tively with several traits including Tt.Ar/Le (a measure of
bone slenderness; Fig. 3A) and Ma.Ar (Fig. 3B), indicating
that slender bones (low Tt.Ar/Le and Ma.Ar) were con-
structed of tissue with a higher degree of mineralization.
Total porosity correlated negatively with Ct.Ar/Tt.Ar and
positively with K, indicating that tibias with a proportion-
ally larger amount of cortex relative to overall bone size
showed a reduced amount of porosity. K was similar (p <
0.88, t-test) for males (0.61 ± 0.04) and females (0.61 ± 0.03),
and the overall range was 0.56–0.70. The amount of unre-
modeled tissue decreased with Tt.Ar/Le, indicating that
smaller bones tended to have more unremodeled tissue.

Path analysis

Path analysis was conducted to test whether the tissue
quality traits were functionally related to the morphological
traits. For males, the final path model included all traits
from the generalized model (Fig. 1A) but with four fewer
connections (Fig. 4A). The �2 (�2 � 4.2, p < 0.52) and
RMSEA (p � 0.00) values both indicated that there was an
excellent fit between the data and the path model. The
large path coefficients between body weight and Ma.Ar and
between age and ash content indicated that body weight
and age were important covariates for the males. Holding
these covariates fixed revealed that bone slenderness
(Tt.Ar/Le) was functionally related to ash content and the
relative amount of cortical tissue (Ct.Ar/Tt.Ar). The path
coefficients were calculated based on Z-transformed data
and thus reflect the number of SD changes in a trait arising

TABLE 1. PHYSICAL BONE TRAITS FOR CORTICAL TISSUE

OBTAINED FROM THE TIBIAS OF YOUNG ADULT FEMALES

AND MALES

Trait
Females
(n = 14)

Males
(n = 17)

t-test,
p value

Density (g/ml) 2.05 ± 0.04 2.03 ± 0.04 0.37
Ash content (%) 61.8 ± 1.1 61.0 ± 0.6 0.02
Water content (%) 11.2 ± 0.7 11.7 ± 0.7 0.06
Total porosity (%) 4.7 ± 1.7 5.4 ± 1.7 0.27
Osteonal tissue (%) 72.2 ± 5.0 71.4 ± 5.3 0.66
Unremodeled tissue (%) 13.2 ± 6.6 7.5 ± 5.0 0.01

Significant difference between males and females for p < 0.05.
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from a 1 SD change in slenderness. The path coefficients
among the morphological traits were large, as expected.
When all direct and indirect paths were taken into consid-
eration, a 1 SD decrease in Tt.Ar/Le was associated with a
0.76 SD increase in Ct.Ar/Tt.Ar. This indicated that more
slender bones tended to have a cortex that occupied pro-

portionally more space. This path model accounted for 65%
of the variation in Ma.Ar and 92% of the variation in
Ct.Ar/Tt.Ar. Furthermore, there was a large path coeffi-
cient between Ct.Ar/Tt.Ar and ash content. Although the
direct path between slenderness and ash content showed a
weak coefficient of −0.13, when the indirect paths through

TABLE 2. PEARSON CORRELATION COEFFICIENTS RELATING TISSUE MICROSTRUCTURE AND COMPOSITION WITH TISSUE LEVEL

MECHANICAL PROPERTIES (COMBINED MALES AND FEMALES)

Modulus Strength PY strain Toughness
Damage

(S)

Tissue density 0.18 0.10 −0.01 0.02 0.37
(0.34) (0.58) (0.95) (0.92) (0.04)

Ash content 0.51 0.30 −0.50 −0.35 0.21
(0.004) (0.10) (0.004) (0.05) (0.27)

Water content 0.26 −0.05 0.01 −0.03 −0.07
(0.16) (0.80) (0.95) (0.88) (0.72)

Total porosity −0.17 −0.57 −0.23 −0.33 0.35
(0.35) (0.001) (0.21) (0.07) (0.06)

Osteonal tissue 0.17 −0.17 −0.02 −0.04 0.28
(0.38) (0.35) (0.91) (0.84) (0.12)

Unremodeled tissue −0.03 0.13 −0.10 −0.06 −0.09
(0.86) (0.50) (0.61) (0.76) (0.65)

p values shown in parentheses. Bold entries denote significant relatinships (p < 0.05).

FIG. 2. Significant correlations were observed among tissue level mechanical properties and matrix compositional and microstructural
traits. Linear regressions are shown for (A) tissue modulus vs. ash content, (B) postyield strain vs. ash content, (C) strength vs. porosity,
and (D) the damage parameter vs. porosity. The thick, solid line represents the regression for the combined male and female dataset.
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Ct.Ar/Tt.Ar and Ma.Ar were considered, the relationship
between slenderness and ash content was negative, with an
overall path coefficient of −0.41. Using this path model,
48% of the variation in ash content among the males was
explained based on bone morphology. The path model thus
indicated that slender male tibias were compensated by a
higher degree of mineralization and a proportionally
greater amount of cortex.

For females, the general path model (Fig. 1A) was modi-
fied substantially to arrive at a model that adequately fit the
data. The final path model for females (Fig. 4B) was dif-
ferent than the males. Body weight had only a minor influ-
ence on the relationships among traits, and consequently,
this variable was removed from the path model. The path
coefficients among Tt.Ar/Le, Ma.Ar, and Ct.Ar/Tt.Ar were
large and accounted for 63–90% of the variation in Ma.Ar
and Ct.Ar/Tt.Ar, similar to that observed for the males.
Unlike the males, a connection between Ma.Ar and ash
content was required for the female data, and the path
coefficient was quite large (−1.76). When the path model
for the males was run with this connection, the path coef-
ficient between Ma.Ar and ash content was only 0.07, and
there was a decrease in the overall fit of the model. This

indicated that this path was unique for the female data. This
model explained 22% of the variation in ash content among
the females, which was only one half of that explained for
the males. Nevertheless, when age was held constant, a 1
SD decrease in Tt.Ar/Le was associated with a 0.23 SD
increase in ash content and a 0.30 SD increase in Ct.Ar/
Tt.Ar. Thus, like the males, slender female tibias were also
associated with a higher degree of mineralization and a
proportionally greater amount of cortical bone.

The path analysis was repeated by replacing Ct.Ar/Tt.Ar
with K. This analysis resulted in nearly identical path coef-
ficients and had the same explanatory power for ash con-
tent. The only difference was the path coefficients immedi-
ately connecting with K were opposite in sign to those
determined for Ct.Ar/Tt.Ar, as expected (data not shown).

DISCUSSION

Morphological and tissue quality traits are
functionally related

The bivariate analysis confirmed the hypothesis that
morphological traits correlate or co-vary with matrix com-

TABLE 3. PEARSON CORRELATION COEFFICIENTS RELATING TISSUE MICROSTRUCTURE AND COMPOSITION WITH PHYSICAL BONE

TRAITS (COMBINED MALE AND FEMALE DATASETS)

Tt.Ar Ct.Ar Ma.Ar Tt.Ar/Le Ct.Ar/Tt.Ar K IAP IAP/(B.DmAP/2)

Tissue density −0.21 −0.24 −0.14 −0.16 −0.07 0.06 −0.25 −0.26
(0.26) (0.20) (0.45) (0.40) (0.71) (0.75) (0.18) (0.17)

Ash content −0.43 −0.38 −0.42 −0.36 0.17 −0.17 −0.37 −0.38
(0.02) (0.03) (0.02) (0.05) (0.37) (0.38) (0.04) (0.04)

Water content 0.20 0.25 0.09 0.14 0.10 −0.10 0.24 0.21
(0.29) (0.17) (0.63) (0.47) (0.59) (0.60) (0.20) (0.26)

Total porosity 0.23 0.10 0.37 0.29 −0.46 0.45 0.20 0.14
(0.22) (0.58) (0.04) (0.11) (0.01) (0.01) (0.17) (0.45)

Osteonal tissue 0.04 −0.06 0.18 0.06 −0.32 0.31 0.04 −0.02
(0.82) (0.73) (0.33) (0.74) (0.08) (0.09) (0.85) (0.91)

Unremodeled tissue −0.38 −0.29 −0.45 −0.40 0.33 −0.33 −0.33 −0.29
(0.03) (0.11) (0.01) (0.03) (0.08) (0.07) (0.07) (0.11)

p values shown in parentheses. Bold entries denote significant relationships (p < 0.05).

FIG. 3. Relationships between bone morphology and matrix compositional and microstructural traits. Linear regressions are shown
for (A) ash content vs. Tt.Ar/Le (slenderness) and (B) ash content vs. marrow area. The thick, solid line represents the regression for
the combined male and female dataset.
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positional and microstructural traits in the human skeleton.
The path analysis further revealed that the relationship be-
tween bone slenderness and ash content observed in the
bivariate correlation analysis was actually part of a larger
association that involved the relative size of the marrow
space and thus the proportion of the diaphysis that was
occupied by cortical tissue (i.e., the inverse of K). These
associations were independent of body weight, age, and sex.
Path analysis, which is based on conditional covariances,(35)

provides a rigorous statistical approach to reveal relation-
ships among physical bone traits when co-factors such as
age and body size can obscure these relationships. Age and
body size were easily corrected in this study because the

physical traits (e.g., Tt.Ar, Ct.Ar, ash content, porosity) var-
ied linearly with each co-factor for this young-adult popu-
lation (data not shown).

The functional relationships between bone morphology
and mineralization observed in this study are consistent
with prior work comparing various bones subjected to radi-
cally different mechanical loading environments from dif-
ferent species.(17) These functional interactions have also
been reported for long bones and vertebrae from geneti-
cally distinct inbred mouse strains,(15,40) phalangeal seg-
ments from the brown bat,(20) and during long bone
growth.(41–43) Our path model focused primarily on ash
content(13) as a measure of matrix composition, because

FIG. 4. Path analysis (with least number of
variables and connections) showing traits,
connections between traits, and path coeffi-
cients for (A) males and (B) females.
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this particular trait is an important determinant of tissue
level stiffness and ductility. However, it is entirely possible
that variation in tissue stiffness could arise by variation in
other matrix components, such as collagen architecture and
porosity,(44,45) and these factors could be incorporated into
similar path models. When body size and age were taken
into consideration, slender tibias were also found to have
less porosity and a greater area fraction of unremodeled
tissue compared with more robust tibias. The negative cor-
relation between bone slenderness and the area fraction
of unremodeled tissue is consistent with Ural and Va-
shishth,(46) who examined bone samples over a much larger
age range and showed that slender tibias contain a greater
amount of interstitial tissue compared with more robust
tibias. A lower amount of remodeling may partly explain
the increase in ash content in smaller bones. Because ash
content is a tissue averaged measure of the amount of min-
eral packed into the matrix, further examination using
backscatter electron (BSE) or FTIR imaging is needed to
more comprehensively assess the heterogeneity of tissue
mineral content, its association with organic matrix con-
stituents, and its contribution to material stiffness.

Functional interactions among traits provide new
insight into biological control mechanisms in bone

Our prior work reported significant correlations between
bone morphology and tissue level mechanical properties,
including measures of stiffness and ductility.(27,28) The re-
sults of the path analysis showed that these associations
arise in part because of variation in matrix composition.
Path analysis differs from multiple regression analysis in
many ways,(37) but one important aspect here is that con-
nections among traits are specified in a particular way to
reveal order and thus should be traceable to a biological
mechanism. Although the biological nature of co-adapted
traits in bone is not fully understood, finding that morpho-
logical and compositional traits were functionally related
provides further evidence that biological controls exist in
bone whereby mechanical functionality is established dur-
ing ontogeny by adapting a set of traits so together they
satisfy physiological loading demands.(42) For long bones,
the set of traits are expected to result in a structure that is
sufficiently stiff for daily loading demands.(22–24) Trans-
genic mouse strains provided evidence that alterations in an
extracellular matrix protein can elicit adaptive responses to
possibly compensate for the changes in tissue quality.(47)

Although the mouse and human skeletons differ in scale
and microstructure, the basic concept that traits are co-
adapted to create a mechanically functional structure seems
to translate from the mouse to the human skeleton.

The generalized path model (Fig. 1A) was constructed
based largely on a priori knowledge of how biological pro-
cesses define bone size and shape during growth for the
human(48) and mouse skeletons.(15,36) Thus, the functional
interactions among traits observed in the adult skeleton are
a manifestation of biological processes that exist during on-
togeny. We expect that the biological mechanism(s) respon-
sible for these functional interactions will be determined by
additional research examining skeletal growth patterns.(36)

Variation in size and shape among individuals reflects the
various genetic and environmental factors that promote or
inhibit periosteal expansion relative to longitudinal growth.
If bone did not possess biological processes to co-adapt
traits, there would be little chance of observing any consis-
tent relationship among traits for the unrelated individuals
examined in this study. Thus, these data suggest that these
individuals share common biological controls during ontog-
eny. Although it is not entirely clear how co-adapted traits
arise, one theory suggests that co-adapted traits are a con-
sequence of genes affecting hormonal regulation, which
have pleiotropic effects.(49) It is expected that having the
biological processes to co-adapt skeletal traits was fixed in
the genome during evolution, because these processes
would be expected to increase fitness and survival by al-
lowing for multiple ways to grow structures that match
daily loading demands.(16,26) This would have the effect of
dampening the deleterious effects of the environmental(49)

and genetic(35) factors that promote a slender bone pheno-
type. The biological paradigm that traits are co-adapted is
not limited to bone but has also been observed for the
heart.(50)

Interactions among physical traits contribute to
mechanically functional structures

The data provide important new insight into how me-
chanically functional structures are constructed. The results
suggested that bone adapts in at least two ways. First, the
negative association between Tt.Ar/Le and Ct.Ar/Tt.Ar
suggests that bone adapts by varying the relative amount of
cortical bone within the diaphysis. This negative correlation
indicates that marrow size is proportionally smaller in slen-
der bones compared with robust bones. The relationship
between external and internal diameters (K) has been ex-
amined previously in the context of identifying the optimal
value of K that allows for minimal mass and maximal stiff-
ness for a hollow structure.(30) Prior work compared inter-
and intraspecies effects, but there are no data on how K
varies with bone slenderness. For slender bones, adapting
by reducing marrow size (lower K) would maximize the
amount of bone within the diaphysis to increase overall
stiffness. For robust bones, this adaptive response would
minimize the amount of bone to reduce overall mass. This
adaptive process would require that the relative expansion
rates of the endosteal and periosteal surfaces are coupled
and thus biologically controlled during ontogeny.(36)

Second, the negative association between Tt.Ar/Le and
ash content suggests that bone also adapts by varying ma-
trix composition. This negative correlation is consistent
with the idea that increasing the amount of mineral incor-
porated within the matrix will result in a compensatory in-
crease in tissue stiffness that could partly compensate for
the reduced cross-sectional size of a slender long bone. This
adaptive mechanism would require that osteoblasts, or pos-
sibly osteocytes, sense their environment and modulate ma-
trix composition. The biological control mechanisms that
regulate mineral content are not fully understood, but it is
clear that matrix mineralization varies among bones with
different functions.(17) The association between slenderness
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and mineralization may act to further increase global stiff-
ness and strength beyond that which can be accommodated
by morphological variation. This is particularly important
because addition of bone to the endosteal surface, although
useful, presents a limitation to how much compensation can
occur solely on a morphological basis. Thus, matrix level
adaptations may be needed to further increase global stiff-
ness and strength.

As shown in Fig. 5, the two adaptive processes have an
important effect on whole bone stiffness and strength.
Whole bone stiffness under bending loads is proportional to
the tissue modulus (E) times the rectangular moment of
inertia (I) and failure load is proportional to tissue strength
times section modulus (I/R). If biological processes did not
co-adapt traits, a slender bone with the same length, K, and
mineral content (and thus tissue modulus and tissue
strength) as a robust bone would have ∼30–40% reductions
in whole bone stiffness and failure load and would likely be
underdesigned for normal daily loading conditions. For
slender bones, relatively subtle increases in endosteal bone
and mineral content (tissue modulus), consistent with the
current dataset and indicative of biological processes that
co-adapt traits, have the benefit of increasing overall stiff-
ness and failure load closer to that of the robust bone.
Furthermore, co-adaptation of traits in slender bones does
not result in greater cortical area relative to body weight
compared with robust bones. Consequently, there does not
seem to be a metabolic cost associated with this co-
adaptation.

Interactions among physical traits contribute to
increased risk of stress fractures

We studied the tibia diaphysis from young adult males
and females because bone slenderness in this age group is
correlated with increased risk of stress fractures in ath-
letes(7) and military recruits.(11,12) Individuals with slender
bones, which are measured clinically as diaphyses with a
small cross-sectional size for a given length and metaphyses
with lower bone mass, show low BMD and a higher fracture
incidence throughout life compared with individuals with
robust bones.(5–8,11,12,51,52) The increased fracture risk of
slender bones has typically been attributed to the reduced
load carrying capacity associated with the small cross-
sectional size and mass.(8,11) However, the current data may
provide new insight into this problem. Our data showed
that slender bones were compensated by increased ash con-
tent and a proportionally greater amount of cortical tissue.
Although this co-adaptation has the benefit of ensuring a
particular set of traits is sufficiently stiff and strong to sup-
port daily loads, the downside is that not all sets of traits
result in equivalent failure mechanisms. For slender bones,
the combination of a thicker cortex and higher mineral con-
tent may help to increase organ level stiffness, but the re-
duced tissue ductility and toughness that were associated
with the greater ash content may increase the risk of frac-
turing under extreme loading conditions, such as low cycle
fatigue (e.g., military training) and overload (e.g., falling).
Thus, this co-adaptation, because it involves matrix miner-

FIG. 5. Schematic illustration of how co-
adaptation of morphological and composi-
tional traits acts to increase overall stiffness
and failure load of a slender cylindrical struc-
ture. The slender structure, without co-
adapted traits, has the same tissue-modulus
(E), K, and Ct.Ar/Tt.Ar as the robust struc-
ture, but this results in a dramatically lower
stiffness and failure load. The slender struc-
ture with co-adapted traits has a slightly
smaller marrow area (lower K, higher Ct.Ar/
Tt.Ar) and larger tissue-modulus and tissue
strength compared with the robust structure.
These small changes increase the stiffness
and failure load of the slender bone so that
they are closer to the robust structure.
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alization, seems to result in the development of preferred
sets of adult traits within the context of extreme load con-
ditions.

Sexual dimorphism contributes to differences in
functional interactions among bone traits

Studying young adults allowed us to test for relationships
among physical bone traits at the end of the growth phase
and before appreciable bone loss begins. Males and females
showed similar relationships between matrix composition,
microstructure, and tissue level mechanical properties. This
indicates that, at least at this level of analysis, males and
females construct bone material in a similar way.(28) How-
ever, the data revealed differences in how morphological
traits related to tissue quality. Females tended to have more
slender bones compared with males, which would be ex-
pected based on known sexually dimorphic growth pat-
terns.(48) Female tibias also have a slightly larger mineral-
ization, extending the observed relationship between
morphology and composition in males. Although the over-
all relationship among Tt.Ar/Le, Ct.Ar/Tt.Ar, and ash con-
tent was similar for males and females, Ma.Ar proved to be
a strong covariate for ash content in the path analysis for
females but not males. This is consistent with dimorphic
growth patterns after puberty, in which the endosteum
switches from expansion to infilling for females. In males,
the marrow space continues to expand in proportion to
periosteal expansion. Prior work showed that females
prone to stress fractures had more narrow tibias and thinner
cortices compared with females that did not develop stress
fracture.(8) Having slender bones plus thinner cortices may
indicate that, for these individuals, there was a lack of in-
filling or lack of co-adaptation between periosteal and end-
osteal surface movements during growth.

Summary

The results of this study identified functional interactions
among physical bone traits, suggesting that bone possesses
important biological processes that co-adapt morphological
and compositional traits so the set of traits results in a struc-
ture sufficiently stiff for daily activities. These results have
important clinical implications because bone functionality
and bone biology may be better understood based on
knowledge of sets of traits rather than a single complex trait
such as bone mass. Variation in the ability of bone to co-
adapt traits would be expected to lead to under- and over-
designed structures. The downside of co-adapting matrix
composition is that increases in mineralization result in a
more brittle and damageable material that would be ex-
pected to perform poorly under extreme load conditions.
Thus, for more slender bones, reduced tissue ductility and
toughness associated with greater ash content may increase
the risk of fracturing from low cycle fatigue (e.g., military
training) and overload (e.g., falling). Therefore, rather than
using complex traits or a series of unrelated traits, clinical
assessment of fracture risk may benefit from knowledge of
sets of traits and the functional interactions among the
traits.
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