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The mechanobiology of cancellous bone structural adaptation
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AbstractThe distinguishing morphological feature of cancel-
lous bone is its high level of porosity relative to cortical bone.
This porosity leads to more free surfaces and thus to more of the
cellular constituents that inhabit those surfaces . As a result, can-
cellous bone is often more metabolically active and responsive
to stimuli than cortical bone . This extends to the relationship
between cancellous bone's internal structure and external
mechanical loading. Observational investigations established
this relationship as early as the late 19th century . These findings
point to the interplay between biology and the cellular mechan-
ical environment, forming the underpinnings of the modem
term mechanobiology. Interestingly, it has proven to be more
straightforward to assay the biological response than to quanti-
fy the precise mechanical environment of cancellous bone and
the influence of cancellous bone structure . Despite this concern,
significant insights into the nature of cancellous bone
mechanobiology can be obtained from computational simula-
tions that allow investigators to determine the morphological
consequences of quantitative assumptions about cancellous
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bone mechanobiology. As the power of computers and the
sophistication of these modeling techniques continue to grow,
we can expect an increased impact in terms of clinical diagno-
sis and treatment. The next decade will bring improvements in
exercise interventions to prevent and reverse bone loss;
improved replacement-joint designs, particularly for those joints
currently having poor expected outcomes ; and an integration of
computer simulation technology with clinical scanners.
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INTRODUCTION

The correspondence between cancellous bone struc-
ture and the mechanical loads to which it is exposed is at
the historical root of the study of tissue adaptation . The
drawings of the internal structure of the proximal femur
by the Swiss anatomist von Meyer (1) in 1867 marked the
beginning of serious research directed at uncovering the
influence of the mechanical environment on trabecular
structure . These drawings were studied by Culmann, a
German civil engineer who had immigrated to Zurich, in
what Roesler (2) termed "the first cooperation in the field
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of bone biomechanics ." Culmann had developed a tech-
nique known as graphical statics for determining the
direction of internal forces (or stresses) in complex struc-
tures. The mechanical stress patterns in a curved column
structure that Culmann had been analyzing (known as a
Fairbairn crane, Figure 1) were remarkably similar to the
patterns of internal trabecular patterns documented by
von Myer (3).

Figure 1.
On the left is Culmann's graphical statics analysis of the patterns of
internal mechanical forces (stresses) in a Fairbairn crane . The curved
column was under a distributed vertical load from the top . On the right
is Wolff's depiction of the trabecular alignment in the proximal femur.
Notice that the trabecular trajectories meet at right angles . Adapted
from Wolff (32).

Although the work of Culmann and von Myer sug-
gested that trabecular alignment is regulated by internal
stress patterns, it was the outspoken support of Wolff
(which came just 2 years later) that brought widespread
acceptance of the idea. Wolff devoted the bulk of his writ-
ings to this subject, which he termed the "Trajectorial
Theory" of trabecular alignment . Although sometimes
criticized—even by such prominent mechanicians as
Mohr (2)—Wolff's hypothesis went largely unquestioned
by the scientific community of the time. He is said to
have delivered quite passionate lectures to large crowds,
where he would present numerous examples, illustrating
the reorientation of trabecular alignment following a

change in internal stress patterns such as occurs due to a
fracture that has healed in malalignment . He is often
credited with the discovery of cancellous bone adaptation
and clearly made a significant contribution in populariz-
ing the interaction of biology and mechanics, which we
now refer to as mechanobiology.

Wolff thought that an implication of the Trajectorial
Theory was that trabeculae would always intersect per-
pendicular to one another (Figure 1) . This conclusion
was based on an established fact in mechanics that inter-
nal stress directions must always intersect perpendicu-
larly for any given loading case . Because trabeculae
were proposed to align with these stress directions, it fol-
lowed that cancellous bone architecture must form a net-
work of perpendicular intersections . Wolff criticized the
anatomical drawings of von Meyer which were based
solely on observations of cadaveric specimens—for not
reflecting this perpendicular architecture . Modern inves-
tigations of cancellous bone suggest that in some cases
the activities of daily living lead to a dynamic mechani-
cal environment that cannot be supported effectively by
a perpendicular trabecular structure . In this regard, Wolff
may have been limited by restricting his thinking to the
ideal situation of a single or predominant loading envi-
ronment.

Nonetheless, Wolff firmly established a longstand-
ing scientific interest in the mechanobiology of cancel-
lous bone adaptation . Moreover, he proposed that such
behavior would progress beyond his qualitative observa-
tions until cancellous bone adaptation could be under-
stood in terms of a "law according to which alterations in
the internal architecture clearly observed and followed
mathematical rules . . ." (2) . This idea foreshadowed an
active area of current research aimed at uncovering just
such a set of mathematical rules . Although an accepted
"law of bone remodeling" has not been identified, impor-
tant insights into the character of cancellous bone
mechanobiology have been made by utilizing computer
simulation to extrapolate the morphological conse-
quences of various proposed relationships between the
mechanical environment and the biological response.
Furthermore, this research has led to novel technology
with the potential to revolutionize clinical treatment by
supplying physicians with accurate predictions of the
mechanical environment, biologic response, and the ulti-
mate mechanical competence of cancellous bone.
Therefore, in the remainder of this article we will review
and update advances in modeling of the mechanobiology
of cancellous bone .
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DISCUSSION

Apparent Level of Mechanobiological Adaptation of
Cancellous Bone

The goal of the studies described in this section is to
formulate a mathematical description of the interplay
between the mechanical and biological behavior of can-
cellous bone at an apparent level . The foundation of the
engineering field of continuum mechanics is the idea of
considering the apparent behavior of materials that may
have a complex microarchitectural structure. This is one
of the most powerful tools available in structural analysis.
The apparent level approach to understanding mechanical
behavior is analogous to the biological approach of
studying the net effect of cellular activity on a tissue
without needing to account for each cell individually.
Thus, for cancellous bone, one can relate the apparent
level mechanics to the apparent level biological response
and vice versa to arrive at an apparent level description of
mechanobiological adaptation . This kind of approach is
particularly suited to clinical applications, development
of computer-assisted design tools, and establishment of
promising directions for future design improvements.

The parallel advances of the high-speed digital com-
puter, coupled with the invention of the finite element (FE)
method to numerically analyze structural behavior, have
led to dramatic improvements in our ability to determine
quantitatively the apparent level mechanical environment
of bone. These numerical approaches have improved on
the graphical and photoelastic methods employed in prior
studies of bone mechanobiology. It is possible to determine
not only the predominant directions of internal stress, but
also the quantitative mechanical intensity . This has made it
feasible to model the implications, in teens of whole bone
structure, of potential mathematical relationships describ-
ing mechanobiological interactions . These mathematical
relationships, foreshadowed by Wolff one century earlier,
initially only considered bone to be described by its appar-
ent density. Interestingly, they did not account for the most
remarkable feature of cancellous bone suggestive of
mechanical-biological interaction, namely trabecular
architecture and alignment . Density-based simulation of
cancellous bone adaptation has been successfully applied
to a number of clinical areas including, for example, the
structure of the proximal femur (4 6) and hip joint arthro-
plasty (7-9) . However, an area of research that is receiving
increased attention is the reintroduction of the features of
trabecular architecture .

The "Adaptive Elasticity" approach of Cowin and
Hegedus (10) was an early model of cancellous bone
mechanobiology that was capable of accounting for tra-
becular architecture at the apparent level . This was a
mathematical framework that related internal mechanical
stress to alterations in the apparent mechanical behavior of
the bone . However, the large number of unknown para-
meters in the model has made it cumbersome to imple-
ment and compare with experimental observation . Fyhrie
and Carter (11) developed the apparent level mathematical
conditions that must be satisfied by the cancellous bone
structure for it to be mechanically optimal for a given
loading environment. However, the concept was not
developed to the point of relating loading to the adaptation
process as had been done in the case of bone density.

Jacobs et al . (12) introduced a mathematical
approach that was capable of combining any existing rule
describing mechanobiologic adaptation of density with
an assumption that at each point the cancellous bone is
mechanically optimized to support the mechanical load at
that particular point . This approach is mathematically
similar to the "free material" approach from the field of
mechanical optimization. The free material approach is
so named because at every point in the structure the mate-
rial assumes the best possible mechanical behavior, and is
in that sense free.

We utilized this approach in an analysis of the struc-
ture and function of the subchondral bone plate and how
it is related to joint incongruity and cartilage contact pres-
sures . We were motivated by a hypothesis advanced by
Pauwels (13) that regions of high subchondral bone plate
density occur due to high contact pressures in the adja-
cent cartilage. Such a correspondence would be very use-
ful clinically, in the context of osteoarthritis, as an
indicator of cartilage loading that could be visualized
radiographically.

We tested these ideas in the context of the humer-
oulnar articulation of the human elbow . This joint is nor-
mally incongruous in that the trochlear notch of the ulna
is deeper than would be required for a congruous fit with
the trochlea of the humerus, resulting in a concave incon-
gruity. When the trochlea articulates with the trochlear
notch, cartilage-to-cartilage contact occurs initially in
two distinct regions, one toward the dorsal aspect of the
joint surface and one toward the ventral aspect of the joint
surface . Under normal loading conditions these two
regions may or may not merge together ; but regardless,
two points of maximal cartilage contact pressure are
observed in what is termed a "bicentric" pressure pattern .
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We constructed a FE model of the humeroulnar joint that
reflects the anatomic geometry and level of incongruity.
Boundary conditions were applied to simulate contrac-
tion of the triceps muscle with the joint in a 90° flexed
configuration (i.e ., resisted extension similar to a slow
push-up exercise ; 14) . The equations for the free materi-
al formulation were applied to each element in the model
to determine its mechanically optimal material behavior.

As expected, we did indeed observe a bicentric pat-
tern of articular pressure as a result of the incongruous
articulation. Furthermore, this did result in a pattern of
subchondral bone with two different peaks centered
around the middle of the joint (i .e ., a bicentric pattern).
However, the maximal predicted bone density was not
located adjacent to the maximal predicted articular pres-
sure, as would be suggested by Pauwels's hypothesis
(13) . Rather, the peak contact pressure was found rough-
ly 5 mm toward the joint periphery (i .e ., ventral and dor-
sal) from the peak subchondral bone density.
Furthermore, the adaptive material model predicted that
the most optimal orientation for subchondral cancellous
bone was not perpendicular to the joint surface, as one
might expect if the bone was supporting primarily normal
pressure in the adjacent cartilage layer (Figure 2).
Instead, the material model predicted trabecular align-
ment that followed parallel to the joint surface .

Our results indicate that joint incongruity can indeed
lead to a bicentric pattern of articular pressures, which, in
turn, brings about a bicentric pattern of subchondral bone
density that can be understood as a result of mechanobio-
logical adaptation . However, contrary to Pauwels's pro-
posal (13), this adaptation was predicted to occur due to
tensile forces in the subchondral bone (15,16) that come
about due to bending and joint spreading caused by joint
incongruity rather than the normal compressive stresses
found adjacent to regions of articular contact . This inter-
pretation is further supported by our finding of an optimal
microstructural architecture oriented parallel to the joint
surface . This is a highly mechanically-efficient architec-
ture for supporting bending stresses in the subchondral
bone plate . It is also important to note that the computer-
predicted microstructure corresponds closely with the tra-
becular orientation observed in the anatomic specimen
from which the model was created (Figure 3) . With respect
to our original hypothesis, we conclude that in incongruous
joints the subchondral cancellous bone density patterns do
not closely reflect the long-term distribution of contact
pressure in the adjacent articular surface, but that the bone
is adapted to the bending stresses that occur due to spread-
ing open of the joint . Thus, with such an analysis it may yet
be possible to relate subchondral cancellous bone structure
to articular cartilage pressure ; however, this relationship
will not be as simple as once envisioned.

Figure 2.
The trabecular orientation as a function of direction presented as polar
plots for selected elements in the model . Note that the olecranon and
dorsal aspect of the joint is to the left and the coronoid process and
ventral aspect of the joint is to the right . In this depiction, nonaligned
trabeculae are represented by circles and progressively aligned trabec-
ulae are represented by progressively eccentric plots . The maximum
stiffness of the subchondral bone is oriented parallel to the adjacent
articular surface .

Figure 3.
Trabecular architecture of the trochlear notch obtained from the anatom-
ic specimen that the finite element model was based upon. Note the
higher density and increased thickness of the subchondral bone in a
bicentric pattern surrounding the center of the joint . Also, the trabeculae
in these regions are oriented parallel to the joint surface . Toward the
periphery (dorsal and ventral aspects) of the joint, where the articular
contract pressures are maximal, the subchondral plate is thinner and the
trabeculae are oriented perpendicular to the joint surface.
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Integration of Cancellous Bone Microstructure with
the Apparent Level Approach

Although the free material approach described
above can yield important insights into the mechanobio-
logical nature of cancellous bone in many situations, it
suffers from one important practical shortcoming . The
free material approach places no limitations on the pre-
dicted material properties, except that they are mechani-
cally optimized . In many cases this indeed appears to be
the case for cancellous bone . However, as bone densities
become very high, the free material approach leads to
predictions of extreme orientation, much higher than can
be realized with actual bone tissue . Thus, in some cases
the free material approach incorporates material behavior
that is highly mechanically efficient but cannot be
achieved by real bone due to the limitations of the organ-
ic construction material.

This concern can be overcome by incorporating
microstructural models directly into the folntulation.
Such an approach was adopted by Fernandes et al . (17).
They were motivated by Wolff's Trajectorial Theory to
incorporate a trabecular microstructure consisting of
many small rectangular-shaped voids that are assumed to
be oriented with the internal stress directions at each
point in the bone. They applied this approach to a three-
dimensional model of the proximal femur and are cur-
rently embarking on a comparison of total hip
replacement stem designs . One difficulty they discovered
with this approach is that it cannot provide optimal tra-
becular orientations in some cases involving multiple
loadings. They found that at a small number of locations
in the bone the orientation that was optimal for one load-
ing case, such as stair climbing, was not optimal for
another loading case, such as single limb stance . This can
occur when the stress directions from two or more load
cases are not mutually perpendicular to each other . In this
case the most mechanically efficient microstructure will
involve trabeculae that do not intersect perpendicularly.
Quantitative investigation (18) as well as visual inspec-
tion (Figure 3) indicate that although a majority of can-
cellous bone does indeed exhibit perpendicular trabecular
intersections, it is not limited to only perpendicular struc-
ture . Fernandes et al . (17) conclude that both their math-
ematical model for cancellous bone and the original ideas
of Wolff represent a sufficiently accurate approximation
of the adaptive nature of cancellous bone for many appli-
cations . However, one is left with the question : Can this
nonperpendicular aspect of cancellous bone structure be
understood in terms of mechanobiological adaptation?

The shortcomings described above of both the free
material approach and the assumption of perpendicular tra-
becular intersections motivated us to develop an approach
that combines the positive aspects of each. Our solution to
this problem was to directly model trabecular architectural
patterns . This involves creating another FE model for each
element in the main or primary FE model . These secondary
models are then utilized to determine the optimal mechan-
ical trabecular pattern given the apparent density and inter-
nal mechanical stress directions in that particular element
(19,20) . This is repeated over and over for each element in
the primary model (Figure 4; 21) . In addition to the over-
all pattern of bone density in the primary model, this
approach predicts seemingly reasonable patterns reflecting
trabecular architecture at each point in the primary model.
Interestingly, it was predicted that most of the cancellous
bone structure would include perpendicular intersecting
trabeculae, but in some regions the intersections did occur
at an oblique angle . This suggests that significant aspects
of trabecular microstructure can indeed be understood in
tents of biologically mediated adaptation to the mechani-
cal environment . Furthermore, such an approach should

Figure 4.
The predicted density distribution from a 2-D side-plate model of the
proximal femur in the coronal plane and optimal trabecular level
structure at some selected locations . Notice that many locations have
a trabecular morphology adapted to a single predominant loading
direction, some are adapted to mutually perpendicular loading direc-
tions, and a few are adapted to as many as two or three different non-
perpendicular loading directions . Also, although these optimal
microstructures seem to reflect some important aspect of in vivo tra-
becular structure in terms of mechanical performance, they are at best
idealizations . This suggests that some additional factors play an
important role in determining trabecular morphology such as the
process of morphogenesis, nutrient diffusion, or additional cellular or
mechanical requirements .
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prove to be a powerful design tool for optimizing surgical
interventions in which cancellous bone remodeling plays
an important role.

The Direct Microstructural Approach
Techniques of mechanical analysis that have led to

insights into the mechanobiologic regulatory mecha-
nisms involved in forming and maintaining cancellous
bone structure only recently have begun to be applied to
the level of mineralized tissue itself . As described above,
traditional modeling considers bone in terms of its aver-
age or apparent level behavior, and cannot address the
small-scale behavior of individual trabeculae . This
approach is built upon the assumption that on the appar-
ent level the behavior of cancellous bone can be approx-
imated by a continuum, also known as the continuum
assumption . As such models are refined to smaller and
smaller length scales, they eventually break down when
the size of a single element approaches that of a single
trabecula. Interestingly, the continuum assumption
becomes valid again when the element size is much
smaller than the size of a single trabecula . I refer to the
application of continuum mechanics to cancellous bone
on the tissue level (i .e ., on a scale small enough to
account for individual trabeculae) as direct microstruc-
tural modeling.

Direct micromechanical modeling at the tissue level
holds the promise of avoiding the simplifying assump-
tions made in the apparent level approaches described
above, thus facilitating the investigation of the relation-
ship between the mechanical environment of individual
trabeculae and the resulting biological response . Direct
micromechanical modeling has been made feasible by
technological advances in the areas of ultra-high-resolu-
tion tomographic scanners (22), automatic FE mesh cre-
ation algorithms (23), and FE solution procedures for the
resulting very large FE models (24,25) . Prior to these
advances, the extreme geometric complexity of trabecu-
lar microarchitecture prohibited a precise determination
of quantitative mechanical loading on the level of indi-
vidual trabeculae . Critical to the acceptance of this tech-
nology has been practical validation of its accuracy and
establishment of minimum numbers of elements
required to achieve accurate solutions (26).

These advances have made it possible to routinely
determine the micromechanical environment of cancel-
lous bone in whole small animal specimens (Figure 5),
and to perform initial analyses of whole human bones
(27) . In addition, potential cellular response behaviors

Figure 5.
A direct microstructural model of the lumbar vertebra of a rat con-
taining over one million elements . Each small cube in the picture rep-
resents a single element in the finite element model . The upper
endplate has been removed to reveal the interior cancellous bone
structure. Models of this type are currently solved as a matter of rou-
tine and are being scaled up to human size as computer capabilities
continue to grow.

have been proposed and the resulting mechanobiological
consequences determined (28,29) . In one example,
Huiskes et al . (30) proposed that the stress concentration
surrounding osteoclast resorption cavities is responsible
for localizing osteoblastic bone formation during infilling
of the cavity. They have shown this hypothesis to be con-
sistent with experimental remodeling results on the
apparent level. It seems clear that significant future
insights into cancellous bone mechanobiology and struc-
ture will be made at the microstructural rather than the
apparent level . In the coming decade we can anticipate
that cancellous bone microstructural models will routine-
ly include as many as 100 million to one billion elements
and that radiological advances will lead to higher resolu-
tion with lower radiation exposures . The ability to moni-
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tor the fate of individual trabeculae over time will soon be
routine (31) . Integration of estimates of cancellous bone
mechanical competence from microstructural analysis
into the standard software of clinical scanners will not be
far behind . This development will represent a significant
advance in the information available to the practicing
physician and will greatly improve the standard of clini-
cal care.

CONCLUSION
In summary, this review describes current advances

in our understanding of the mechanobiology of cancel-
lous bone structure made by attempting to identify the
quantitative mathematical relationship between the
mechanical environment and the biologically mediated
processes that are ultimately responsible for trabecular
architecture—an approach initially suggested by Wolff in
the 19th century. These advances have taken investigators
to the level of the micromechanical behavior of individ-
ual trabeculae and its relationship to cellular level
responses . Simultaneous advances in the areas of cancel-
lous bone experimental mechanics, in vivo models, cell
biology, and cellular mechanics (not considered in this
review) have led to equally significant advances . As the
two fields of mechanics and biology continue to con-
verge, we can expect increasing insights into the basic
science of cancellous bone structure.

Furthermore, the technology developed by this
research has the potential to lead to dramatic improve-
ments in clinical care through improved diagnostic tools
and more effective treatment strategies . In the future,
computer simulations of the mechanobiologic adapta-
tion of cancellous bone will be employed to evaluate
and improve the efficacy of physical loading interven-
tions such as exercise to help protect the elderly from
the effects of osteoporosis or to build bone mass in
younger people, or standing frame therapy to prevent
bone loss in persons with spinal cord injury. In the area
of orthopaedic endoprosthesis design, simulation can be
utilized as a preclinical evaluation tool to streamline the
development process . Accounting for trabecular archi-
tecture will play an important role in the next generation
of replacement joints for which current designs have
only a limited survival rate, such as the elbow. Finally,
as computer power continues to grow, it will soon be
possible for patient-specific simulations to be provided
to clinical decision-makers to facilitate improved out-
comes in cases of skeletal disease with a mechanical
component .
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