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Living with cracks: Damage and repair in

human bone

Our bones are full of cracks, which form and grow as a result of daily loading activities. Bone is the

major structural material in our bodies. Although weaker than many engineering materials, it has

one trick that keeps it ahead — it can repair itself. Small cracks, which grow under cyclic stresses by

the mechanism of fatigue, can be detected and removed before they become long enough to be

dangerous. This article reviews the work that has been done to understand how cracks form and grow

in bone, and how they can be detected and repaired in a timely manner. This is truly an interdisciplinary

research field, requiring the close cooperation of materials scientists, biologists and engineers.
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Bone has evolved to provide us with structural support: it needs to
be stiff and strong whilst being as light as possible. These days we can
make materials with excellent structural properties, such as metals
and fibre composites, but, if offered a set of replacement bones, I
would still choose to keep the ones I've got. Bone has a property,
which, up to now, we have not been able to build into artificial
materials: it can repair itself. This is very useful — it means that our
bones can operate under conditions of high loading, subjected to
stresses and strains that cause damage, which, if not repaired, would
lead to failure in a relatively short time. Engineers make use of the
same philosophy in finite-life structures such as the fuselage of an
aircraft — they know that cracks will form and grow as a result of
the cyclic stresses during take off, landing, and other manoeuvres;
these are known as fatigue cracks. They specify regular maintenance
schedules that involve inspections to detect cracks so that material
can be repaired or replaced.

We have suspected for some time that bone is doing the
same thing, continuously checking for the presence of cracks and
other types of damage to its structure, and deliberately replacing
damaged regions with new material'. Living dangerously, but
thereby obtaining an evolutionary advantage for the organism in
the form of bones that are lighter, allowing ease of movement, and
less massive, reducing the drain on the body’s energy resources’.
Evidence for this includes the behaviour of bones in which the
repair process has been suppressed, by the use of drugs’ or by genetic
manipulation?; in these cases, although bones form and grow, they
fail spontaneously due to accumulation of unrepaired damage. Even
now there are many intriguing aspects of the process that are not
understood. This is a truly interdisciplinary field, requiring three
different types of expertise: biologists to investigate the cellular and
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biochemical responses of bone and relate these to the performance
of the organism as a whole; materials scientists to understand bone’s
mechanical properties and how they are determined by its structure;
and engineers to describe the body’s mechanics and to model the
dynamics of the damage/repair system.

The problem can be stated in terms of three research questions:
(1)What is the nature of mechanical damage in bone? If left
unchecked, how quickly will it grow to cause failure? (2) How does
the body detect this damage? How does it decide when repair is
necessary? (3) How is the repair carried out?

REPAIR

In fact it is the last of these questions that was answered first, at least
in part. We have known for some decades that bone is continually
replacing itself, the primary bone with which we are born being
gradually turned into secondary bone throughout our lives. After
an initial spurt of modelling activity, driven by the need to change
the shape and size of our bones as we grow, the total bone volume
settles down to a constant value, but turnover continues at a rate of
a few percent per year. This turnover is known as remodelling, and it
is carried out by specialized groups of cells of two kinds: osteoclasts,
which resorb bone by releasing a powerful acid and an enzyme,
and osteoblasts, which make new bone. These cells combine to
form a basic multicellular unit (BMU) — a cavity, about 200 um
in diameter, which moves along the length of the bone at a speed of
about 40 um per day (Fig. 1). The result is a new portion of bone,
of circular cross section, known as an osteon. A similar process
occurs in the spongy, cancellous bone found inside our joints and
elsewhere, although in this case the BMUs work on the surfaces
inside the cancellous tissue.

Atfirst it was not realized that these BMUs had a repair function,
beyond the obvious fact that, by replacing a volume of bone, they
would be removing any damage that happened to be in it. It has
taken a lot of careful histological analysis®” and some reasoning
based on the quantitative fatigue behaviour of the material® to
demonstrate that the remodelling process is not random, but is,
at least to some degree, targeted towards the removal of damaged
areas’. Other repair mechanisms have been suggested’, but the
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Figure 1 Bone’s repair mechanism. A BMU in which osteoclasts and osteoblasts work
in sequence to eat away old and generate new bone.

current paradigm holds that BMUs are the primary way by which
bone maintains its structural integrity.

DAMAGE

To discuss the nature of damage in bone we first need to say
something of its structure, which is summarized in Fig. 2. At the
macroscopic scale bone comes in two forms. Compact (cortical)
bone is essentially solid material, although spaces for blood
vessels and living cells give it a porosity of about 5%; it makes up
the majority of our long bones. Spongy cancellous bone is found
inside bony structures, especially close to joints. It is essentially the
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same material as compact bone, but arranged in an open network
to create a foam-like structure. At the microscopic scale both
materials are made rather like plywood, from sheets of alternating
lamellae that can be laid flat, or curved around in circles to
protect blood vessels, forming osteons. Inside each lamella, at the
ultrastructural level we find fibres of collagen, a soft, polymeric
material made from long-chain molecules arranged in a triple
helix, and crystals of hydroxyapatite (HA), a hard, brittle mineral
material based on calcium. The ultrastructure is highly oriented,
creating a strong anisotropy.

Mechanical loading creates damage; at the microscopic scale
one can see small cracks that take the form of planar ellipses,
typically having a major axis of length 2¢ =400 um oriented
approximately parallel to the bone’s longitudinal axis, and a minor
axis of length 2a =100 pm. The observation of these cracks is
greatly aided by the use of coloured dyes that are able to diffuse into
the bone and chemically bind to exposed calcium'. These dyes have
been improved in recent years and are now available in different
colours'!, allowing cracks to be labelled at different times during
an experiment'?. This has yielded a great deal of information about
how damage develops. Microcracks predominate in regions of
compression — which constitutes the principal type of loading in our
long bones — where they experience shear due to their orientation.
In addition to these individual, linear cracks, areas called ‘diffuse

damage’™? are also observed, which contain many small cracks, each
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Figure 2 The structure of bone. Colour schematic reprinted from ref. 66. Copyright (2002) Wiley. Black and white microscope image (scale bar in um) showing osteocytes
(white dots) linked by processes (fine white lines) forming the syncytium. Image reprinted from ref. 54. Copyright (2004) with permission from Elsevier.
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of the order of a micrometre in size. Multiple cracks of intermediate
size also occur, forming cross-hatched patterns'. Figure 3 shows
examples of these various types of damage.

Histological studies have told us a lot about how this damage
develops: chelating dyes can be administered in vitro and in vivo,
allowing us to monitor the amount and type of damage in a
laboratory specimen of dead bone, or in living animals while repair
processes are operating. Other techniques are being developed, such
as positron emission tomography'>'¢, and new dyes may allow real-
time imaging of microcracks in the body via scanning by computed
tomography (CT) or magnetic resonance imaging (MRI)".

Currently the study of damage is a very active field; many
experimental studies have been undertaken in recent years, showing,
for example, that damage can be linked to reduced stiffness, to
regions low in bone cells®, to ageing in humans and animals?-%*
and to osteoporosis and its treatment®. Microcracking can also be
found in the more calcified regions of cartilage and may be linked
to osteoarthritis®. A lot of data is now appearing, along with some
useful computer simulations*”?, but currently we lack a clear
theoretical perspective from which to view all this information.

TOUGHNESSAND FATIGUE =

Some cracks will be benign whilst others will threaten the
integrity of the structure and so must be repaired: how can we tell
which is which? This is the province of fracture mechanics, the
science that studies cracks and how they grow in materials. We
define a material property known as the fracture toughness, K,
which tells us how tolerant a material is to the presence of cracks
or, to put it another way, by how much a given crack will weaken
the structure.

Like other composite materials, bone achieves a level of
toughness that is much greater than that of its constituents — HA
and collagen — and we have only recently begun to understand
the mechanisms by which this toughness is achieved. Nalla and
co-workers®?* and others® showed that K_ is not constant but
increases with crack length for cracks of the order of millimetres
(Fig. 4a) — an important finding because the cracks in our bones
rarely exceed this length. Nalla et al.** postulated that toughness in
bone is achieved through bridging of the crack faces by unbroken
ligaments of material (Fig. 4c), inhibiting further crack growth
in the same way that reinforcing rods protect concrete. However,
there are other possible mechanisms that may contribute, such as
microcracking®>* bridging by collagen®, and plasticity (which is
the dominant source of toughness in metals). Currey®® has shown
how toughness and strength are juggled to allow bones to have
special functions, such as the antlers of deer, which require high
toughness and can tolerate low strength in order to get it.

Cracks can also grow very slowly, over long periods of time,
even when their loading conditions are unchanged. Researchers
studying the growth of microcracks*** showed that, although
a crack may initially grow quite quickly, its growth rate often
declines to a minimum value, and indeed the crack may stop
growing altogether (Fig.5). This occurs when the crack meets
up with features in the microstructure such as osteons or tubular
canals. An example is shown in Fig. 3b where the left end of the
crack has hit the outside of an osteon. Examination of microcracks
formed in vivo or in vitro shows that most of them never grow
beyond their first osteon?.

These investigations have emphasized the importance of
microstructure in preventing crack growth and thereby improving
toughness and fatigue resistance, but ultrastructure is important
too, as it determines the underlying mechanical properties of
the material®. High strength, achieved via the HA crystals and
their intimate bonding to the collagen around them, prevents the
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Figure 3 Damage in bone. a, Cancellous bone showing examples of microdamage
revealed by staining with basic fuschin (pink). The arrows indicate (from left to right):
a microcrack (approximately 200 wm long), cross-hatching and diffuse damage
respectively. Reprinted from ref. 23. Copyright (1998) with permission from Elsevier.
b, A microcrack ‘C’ encounters an osteon ‘0, and begins to grow around its cement
line (dashed line). The microcrack is approximately 100 wm long. Reprinted from

ref. 12. Copyright (2003) with permission from Elsevier.

highly stressed material near the crack from failing. High stiffness
is important too, because it reduces the amount of elastic strain
energy, which is what a crack feeds on when it grows. A full
picture on the role of ultrastructure has yet to emerge, but there
have been several interesting observations published in recent
years, in relation to the effects of ageing?***!, gamma radiation*
and varying levels of HA** and water*. What all this tells us is
that bone cracking is a multiscale phenomenon that requires a
hierarchical perspective, ranging from the molecular level up to
the scale of the entire bone**’.

COMBINING DAMAGE AND REPAIR

We can think of living bones as a system of continual damage and
repair, and this has inspired two very different lines of research.
One line looks at the big picture, seeing bone as an example of a
control system requiring feedback and stability — we will return to
this research below. The other aims to understand the mechanisms
by which bone detects the presence of cracks and decides whether
or not to repair them. This is possibly the most challenging area and
the one in which, despite some important recent work, there is still
alot to be done. The challenge is to understand the link between the
mechanics of cracks and the biology of cellular behaviour. Attention
has focused on the osteocytes — cells that live inside bone, contained
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Figure 4 Investigations of crack behaviour. a, Results from Nalla et al.® showing that crack extension (Aa) in the millimetre range requires increasing stress intensity (K) ,
especially in bone from younger people. Copyright (2004) with permission from Elsevier. Possible toughening mechanisms include: b, microcracks ‘mc’ near the tip ‘ct’ of
the crack ‘c’ (optical microscope image of bone stained with chelating dye; scale bar = 50 um. From Zarrinkalam et al.*’, www.tandf.co.uk/journals); e, uncracked ligaments
behind the crack tip (image obtained by Nalla et al.** using microtomography. Copyright (2005) with permission from Elsevier.

in small cavities and linked to their neighbours by extensions to
the cell known as cellular processes. These processes meet at gap
junctions, forming a network between osteocytes (Fig. 2) and bone
lining cells that is reminiscent of that of the network of neurons
in the brain*®. This network, or ‘syncytium’ seems to be a means
of intercommunication that can be used to detect and control the
amount of damage in the surrounding bone.

Klein-Nulend and co-workers**® have proposed a means
by which BMUs could orient themselves to grow along a bone,
or more specifically, parallel to the direction of principal stress.
Fluid is continually flowing through the network of fine channels
that contain the osteocytes, bringing essential nutrients. Using a
computer simulation, they showed that flow rates are low in the
region of bone immediately ahead of the BMU cavity**. Cells
die in this stagnant area, possibly because they don’t receive
enough nutrients, but in the Klein-Nulend model, cell death is
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Figure 5 Data from Akkus and Rimnac®” showing the growth characteristics of various
individual cracks (labelled A1, A2, B1, B2, B3, C1, D1, D2). The cyclic growth rate dc/dN
(change in crack half-length ¢ with number of cycles N) decelerates with crack length
(2¢) initially, often passing through a minimum value as the crack encounters a barrier
to growth such as an osteon, as illustrated in Fig. 3b. Both scales are logarithmic.
Reprinted from ref. 37. Copyright (2001), with permission from Elsevier.
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deliberate (apoptosis), triggered by a change in the level of nitric
oxide released by cells, which acts as a signal indicating the rate of
fluid flow. Osteoclasts are attracted to the apoptotic cells and so
preferentially eat away the bone in this region.

This is a complex and elegant model, with elements of solid
mechanics, fluid mechanics and biochemistry, and most of its
steps have been demonstrated experimentally. However, it does
not explain how BMUs can detect cracks. Cracks create regions of
both high stress (near their tips) and low stress (along their sides)
that cancel out, so that from a distance, a crack would be invisible
to Klein-Nulend’s BMU. However, cells do become apoptotic near
cracks and regions of diffuse damage®~*’, where the osteocyte
network becomes disrupted®, possibly due to local changes in
fluid flow. Other researchers have suggested various mechanisms
by which dead or apoptotic cells could attract osteoclasts and thus
initiate repair®.

It has also been suggested that a crack could be detected as a
result of the damage it causes to the network of cellular processes
in canaliculi (small channels)!’. We have recently investigated
this mechanism in detail, using fracture-mechanics theory to
show that cellular processes can be cut by the shear motions that
occur across crack faces; the action is similar to that of a pair of
scissors. We showed that the number of damaged processes varied
significantly with both crack size and applied stress®. Microscopy
demonstrated that these processes are indeed cut if the crack-face
displacements are high enough®; current work is directed towards
identifying the substances that are released by the broken processes
and understanding how they are detected by osteoclast precursors,
stimulating the formation of a BMU.

Other researchers don't worry about the mechanisms, but try
to make models of the entire system, assuming that the amount
of damage in a region of bone increases with time at a rate that
depends on the local stress or strain: strain-energy density is
often used as a parameter”® because it is a simple scalar quantity.
Repair is modelled as a decrease in the amount of damage, and
a stable equilibrium is characterized by a balance between the
rates of damage and repair®. This so-called ‘damage mechanics’
approach can be used in several ways. First, it can demonstrate
the evolutionary advantages of living in a state of constant repair,
allowing lighter, more delicate, gracile bones to be used than
would be possible if damage never occurred®. Second, it can be
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implemented in the form of a computer simulation, interfacing
with other software such as finite element analysis: an entire bone
can be modelled in all the complexity of its geometry and loading
patterns. Surgical interventions such as the introduction of a hip-
joint implant can be investigated®, as can the effects of diseases
such as osteoporosis. An advantage of this top-down approach is
that we can include another important aspect of living bone, which
is called functional adaptation. If bones are subjected to high levels
of stress, or high numbers of cycles, to compensate they become
thicker and stronger. Likewise, bones that are underused, due to
periods of incapacity, become thin, porous and weak: this is known
as ‘disuse osteoporosis’ and is one of the causes of fractures in
elderly patients. The mechanisms by which bone recognizes these
changes in its mechanical environment, and initiates adaptations,
are just as poorly understood as the mechanisms by which it
achieves repair, but it is very tempting to think that the two
phenomena must be connected. For an engineer, the easiest way
to optimise a design is to make the structure, use it, and see what
happens, modifying your design in the light of experience. Perhaps
bone is continually monitoring its state of damage and adjusting
its architecture accordingly, the ideal state being not to have no
damage, but to have just enough damage that can be repaired as
you go along, ensuring a finite but acceptable risk of failure.

Two theoretical models have attempted to bridge the gap
between the systems approach and the mechanistic approach.
Martin has created computer simulations in which the number
density of microcracks, and their repair by BMUs, are included®*¢’;
this model has been used to investigate many interesting cases,
such as the effects of anti-osteoporosis drugs that work by
suppressing osteoclast activity®. It takes account of the fact that
BMUs contribute to a bone’s porosity, tending to increase stress
and, with it, the rate of damage accumulation, creating a potential
instability. This negative effect of the repair/remodelling process has
been highlighted by some workers who believe that osteoporosis is
caused by unnecessarily high levels of remodelling®. We developed
a simulation that includes the growth-rate characteristics of short
cracks (as shown in Fig. 5) as well as BMU behaviour, modelling
every individual crack and BMU in a volume of bone using
stochastic variables?®*,

These models are capable of realistic predictions of the stable,
equilibrium state of damage and repair, and of the instabilities that
would lead to adaptation (for example, extra bone deposition) and,
in extreme cases, to stress fractures. They can also be used to study
other phenomena, such as the effect of bone size in different animals®
and evolutionary development?. Large, multivariable simulations of
this kind are difficult to set up and run stably, but they are probably
an essential tool if we want to understand the behaviour of natural
systems in all their complexity.

CONCLUDING REMARKS ===

The fascinating study of bone damage and repair is clearly an activity
that requires a multidisciplinary approach on many different fronts.
In recent years we have seen some excellent progress. For example,
we are now able to describe and quantify mechanical damage
and to elucidate the mechanisms of cracking and toughness. A
deeper understanding of these issues should not be too far away.
Some more difficult parts of the puzzle are those that concern
the responses of the living system. Although some pathways have
been described whereby cells can detect strain and damage and
initiate biochemical responses, the whole area of cell signalling
is both complex and fascinating. Phenomena such as repair and
remodelling are controlled not by a single biological system but by
a variety of systems, working in parallel and probably interacting
with each other. A major practical problem, in this as in other areas
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of bioengineering, is the provision of accurate experimental data.
In many cases there is no alternative to the animal experiment, but
great progress is being made in the development of cell cultures,
which allow aspects of the living system to be studied in vitro.

The act of assembling the various pieces of this jigsaw is the
business of those who make simulations of the whole system. With
increasing computer power this activity is becoming more feasible:
control theory could contribute greatly here. In the past we tended
to view the human body as a complex engine — nowadays we
can describe the workings of many parts of this engine, but we
don’t know how it is controlled. In the past few decades we have
seen many examples of the life sciences and the physical sciences
coming together to solve particular problems. In studying how
bone becomes damaged and how it repairs itself, we are required
to ask some very big questions; the answers to these questions have
repercussions far beyond the particular topic that we are studying.

doi:10.1038/nmat1866
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