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ARTICLE INFO ABSTRACT

Keywords: The microarchitecture of bone tissue presents many features that could act as stress concentrators for the in-
Bone itiation of bone microdamage. This was first identified by John Currey in a seminal paper in 1962 in which he
Stress concentration presented the mechanical and biological evidence for stress concentrations at the bone surface, within the bone

Microcrack through the action of stiffness differentials between architectural features including between lamellae, and at the
Fracture mechanics s . . . .

: level of the lacunar and canalicular walls. Those early observations set the stage to consider how microscopic
Microstructure . . . . . S .
Fatigue damage to bone tissue might affect the properties of bone at a time when most in the scientific community

dismissed microcracks in bone as artifact. Evidence collected in the nearly 60 years since those important initial
observations suggest that some of these architectural features in bone tissue are more effective as crack arrestors
than as crack initiators. Sites of higher mineralization in the bone matrix, particularly interstitial sites in both
cortical and trabecular bone, may serve preferentially as locations for crack initiation, whereas those boundaries
identified by Currey as both stress concentrators and stress arrestors are more effective at stopping cracks than at

initiating them.

1. Introduction

The idea that bone microcracks occur naturally in bone, and that
they are targeted for repair, was proposed first by Frost [1]. Except for
engineers like Carter and Hayes [2], who embraced in the 1970s the
idea that microcracks occurred naturally in bone, it was not until the
early 1990s that much of the scientific community accepted this fact.
And it was not until the late 1990s or early part of this century that
most scientists accepted that cracks are preferentially repaired through
signaling mechanisms initiated by osteocyte apoptosis [3-7]. However,
John Currey was an “early adopter” in accepting the fact that cracks
develop naturally in bone (as they do in other cyclically loaded mate-
rials) in his classic paper in 1962 on Stress Concentrations in Bone [8].
In this paper he also describes how size and orientation of both the
discontinuities and the cracks can be either more or less dangerous to
the full failure of the bone. Thus, besides Frost and in a much more
mechanically thoughtful way, John Currey was one of the first to dis-
cuss the morphological aspects of bone that allow for crack initiation
and arrest.

This review of the role of stress concentrations in bone, therefore, is
intended to build on Currey's original observations by describing

research in the last 50 years that addresses his observations specifically
as they relate to damage formation and crack arrest. This review will
not address stress concentrations as they affect overall mechanical
properties, or impact strength, which was part of Currey's presentation.
There are many papers, books and book chapters that treat bone mi-
crodamage and its repair more broadly, and the reader is referred to
these for a more complete treatment of damage morphology, repair,
and effects on mechanical properties of bone [9-11].

2. What are microcracks?

Microcracks form in vivo in human bone under conditions of cyclic
loading. They cannot be visualized radiographically, and individual
microcracks can be difficult even to detect using uCT in bone removed
from the body (ex vivo). There are two types of microcracks that are
now termed “diffuse damage” and “linear microcracks” (or just mi-
crocracks). Diffuse damage represents a collection of many very small
microcracks (< 10 um in length in a cross-section of bone). Although a
collection of these small cracks can be identified on basic fuchsin
stained sections, individual cracks within the diffuse damage area can
be difficult to identify unless confocal microscopy is used because they
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Fig. 1. This shows a microcrack completely contained within the interstitial
matrix. Note that the crack is arrested on either end by the cement lines of two
different osteons.

are so small [12-14]. It now appears that these cracks are small enough
that they can be repaired through processes that do not involve whole
bone remodeling [15]. Linear microcracks (Fig. 1) are longer, typically
50-100 um or more long in cross-section, and may run to nearly 1 mm
longitudinally in bone [16,17]. These cracks are repaired by bone re-
modeling that involves osteoclastic resorption and formation of new
bone by osteoblasts in the area where the crack previously existed.

Linear microcracks can grow into “macrocracks” that can become
stress fractures or even complete fractures under continued cyclic
loading. Unlike microcracks, macrocracks associated with stress frac-
tures often can be seen radiographically or can be imaged in vivo using
scintigraphic tracers such as radioactive technesium. Cracks associated
with stress fractures may span an entire cortex of a bone so may be
many millimeters long in cross-section.

The basic mechanical properties of bone (strength, stiffness, energy
to fracture) are often measured using quasi-static mechanical tests, in
which a load is applied continuously to a bone until a large crack is
formed and the bone breaks quickly. However, microcracks are formed
under cyclic loading that over time leads to bone fatigue, or a gradual
loss of residual strength and stiffness. Because of bone's microstructure,
which can both enable crack initiation but also stop cracks from
growing, bone exhibits a 3-phase damage accumulation history (as do
other composite materials, and unlike quasi-static loading) during the
cyclic loading process prior to failure. These phases are [18]:

(1) Initiation, in which cracks initiate at a structural discontinuity, but
are arrested at an adjacent discontinuity. At this stage, cracks are
self-limiting, but serve to redistribute stresses within the tissue.
Damage initiated at this stage occurs whether the loading is quasi-
static or cyclic.

(2) Benign accumulation, in which the accumulation of cracks and the
loss of stiffness stabilize. This occurs because cracks become more
numerous, and the distance between them becomes smaller so that
peak stresses between the cracks are low enough that new cracks
cannot form within the material between them. Damage accumu-
lation in this stage leads to intra-lamellar debonding or cement line
delamination; therefore, the cracks do not cause catastrophic failure
or even change the elastic modulus very much. At this stage, de-
lamination damage is characteristic of cyclic rather than quasi-
static loading.

(3) Failure occurs rapidly during the third stage of fatigue as cracks
converge into larger cracks and more lamellar debonding occurs.
Cracks are no longer self-limiting as in the first stage of damage; as
lamellae are damaged, stresses increase in those parts of the matrix
that are still intact. Crack growth during this stage may be very
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Fig. 2. Crack deflection. A microcrack (arrows) cutting across interstitial ce-
ment line boundaries (ICL) and being deflected by one of them. The crack ap-
pears to be arrested after being deflected into the ICL. En bloc basic fuchsin
stain, orig. mag. 62.5X.

similar to matrix damage that occurs just prior to failure during
quasi-static loading.

3. Why are cracks important to bone?

From a mechanical standpoint, linear cracks in bone are easy to
initiate, but grow less easily [19,20]. This is an elegant mechanism to
allow for bone repair and renewal, with several important con-
sequences. One of these is that damage initiation, crack growth, and
crack arrest increase the amount of energy required to fracture the
bone, at least in the short term, by releasing energy created by stress
that would otherwise cause uncontrolled crack propagation and earlier
catastrophic fracture [21-23]. This occurs through plastic deformation
at the crack tip (an intrinsic mechanism) as well as mechanisms that
channel deformation energy away from the formation of new surfaces
at the crack tip. For instance extrinsic toughening mechanisms involve
crack bridging (by uncracked “ligaments” and collagen fibers that
shield the crack tip and slow its propagation) as well as deflection of
cracks around microstructural features that act as barriers to un-
constrained crack growth [11,23] (Figs. 1, 2). Currey described the
latter mechanism (see below) although not the first. Bone tends more
toward brittleness than ductility, and extrinsic toughening mechanisms
provide a greater influence on the toughness of bone than do me-
chanisms acting in the material volume at the crack tip (intrinsic
toughening mechanisms) [23].

Crack initiation is less important to the inherent toughness of bone
but derives its importance physiologically. It causes damage to the os-
teocytic network that promotes osteocyte apoptosis [7]. The dying os-
teocytes close to the damage produce less osteoprotegerin (OPG),
whereas the healthy osteocytes at some distance from the damage re-
lease more RANKL [24,25]. This imbalance of RANKL and OPG pro-
motes the differentiation of osteoclasts and initiates the remodeling
process. This relates to the second important consequence of damage
formation and arrest in bones. Crack arrest and repair renews the bone
matrix and improves the quality of bone through formation of new bone
that requires time to become fully mineralized. As about 80% or more
of microcracks initiate in the interstitial matrix [26-28] (Figs. 1, 2), this
removal of highly mineralized bone and replacement by less miner-
alized bone increases the overall ductility of bone and maintains its
material properties within normal ranges.

To perform these mechanical and physiological functions, it is ne-
cessary for bone to have both stress concentrators and stress arrestors,
perhaps at different hierarchical levels of bone structure.
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4. What did Currey say?

Currey identified three types of stress concentrators in bone:

(1) Surface discontinuities

For the most part, there are few discontinuities on the periosteal
surface of bone that act as stress concentrators, or stress arresters. In
fact, Currey points out, bone appears to be adapted to minimizing
such stress concentrators in regions that might be subject to high
stresses. So, for instance, the diaphyses of bones are smooth, except
in a few locations where muscles attach. This not only reduces
stress concentrations but also provides a smoother gliding surface
over which muscles can contract without excessive friction to the
muscle belly. Where stress concentrations do exist on surfaces of
long bones is usually near the ends of the bones in the metaphyseal
regions, where for mechanical reasons bending stresses are rela-
tively low. The one stress concentrator that Currey identified on the
periosteal surface near the mid-diaphysis of bone is the nutrient
artery. As he pointed out, these arteries enter the bone at a slight
angle to the long axis of the bone, more in line with the direction of
maximum shear stresses, which will reduce their stress-con-
centrating properties. The highest shear stresses in bone will occur
at about a 30° angle to the long axis. Therefore, an angle of the
artery between 15-30° will minimize the shear stress concentration
on the wall of the cavity housing the artery. This orientation is also
consistent with the direction of cracks created when a notched test
specimen is loaded in tension [29]. Resistance to crack growth in
response to quasi-static shear loading is greater than with tensile
loading, suggesting that bone may be adapted to prevent crack
growth in shear [30].

It is interesting, therefore, that in a letter to me in 1987, Currey
suggests that one problem with the idea that cracks are targeted for
repair by remodeling is that cracks (and remodeling) tend not to
occur on the “outermost fibers of bone” (the periosteum) where
stresses are highest. But, as he pointed out in 1962, one might not
expect to find many cracks in this region because of the low density
of stress concentrators. Furthermore, mean tissue age of bone close
to the periosteal surface is less than that in other areas of the cortex,
further reducing the stresses needed for crack formation. As pointed
out above, most cracks occur in older interstitial bone, which is
more highly mineralized and theoretically more brittle.

One does find more cracks closer to the endocortical surface of
bone. This suggests that stress concentrators or mean tissue age
(MTA) may hold greater importance than the magnitude of stress
(or strain) as strains on the inner surface of bone, for geometric
reasons, are lower than those on the periosteal surface. Currey ex-
plained that “fracture is less likely to start at the inner surface of the
shaft than at the outer surface... [even though the] inner surface ...
is in fact much rougher than the outer surface” [p. 116]. He at-
tributed this to the greater level of remodeling on the endocortical
surface, which would in fact also “remodel out” cracks that might
form in this location. However, the rougher surface might also be
expected to have more regions of stress concentration because of its
roughness. So, the balance of damage formation, low strains (but
potentially high local stresses in some locations), MTA, and re-
modeling on the endocortical surface make it difficult to evaluate
the importance of stress concentrations on this surface.

(2) Stiffness differentials between morphological components of bone

Currey states that “if a body has some of its volume occupied by
material with a lower modulus of elasticity than the rest, there will
be stress concentrations set up in the body on the application of
external force, even though the body has no holes or notches in it.
The magnitude of the stress concentration will depend upon the
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molecular level, considering stress concentrations that might occur
at the collagen-mineral interface. He dismissed these as mean-
ingless because of the intimate relationship between collagen and
mineral, which may act a single material rather than two separate
ones. It is now known that there likely is some damage that occurs
at this level [31] and that increasing the ductility at this interface
can reduce interfacial stresses and make the bone tougher [32].
Possibly because he was considering bone of many different types
(including bovine bone which is more laminar and less remodeled),
Currey did not identify cement lines in human bone as sites for
potential stress concentration. However, the differential between
the elastic modulus of cement lines and the bone matrix sur-
rounding the cement lines, is an excellent example of the stress
concentrating (but also stress arresting) effects of cement lines in
human bone. This is true of cement lines whether one considers
them less highly mineralized [33] or more highly mineralized [34]
than surrounding bone - it really wouldn't matter. The cement line
interface separating Haversian systems from extra-osteonal bone
matrix is a region of relatively low shear strength compared to
mineralized bone matrix [35,36], and damage can therefore “nu-
cleate” within the cement line and cause debonding of the osteon
from the surrounding matrix (Fig. 3). This is one good example of a
situation in which stiffness differentials between morphological
components of bone can initiate damage as well as keep the crack
from growing.

(3) Internal discontinuities, including lamellae, lacunae and canaliculi

This category of stress concentration is composed of structures at
several different hierarchical levels of organization, from relatively
large (~40-50 um diameter) Haversian canals (Fig. 4), to relatively
small (~1-20 pm diameter) canaliculi (Fig. 5) and osteocyte la-
cunae (Fig. 6). At the larger end of the spectrum, the stress con-
centrating effects of canals for blood vessels depend on their shape,
their length, and their orientation to the long axis of bone (or the
direction of load). Currey points out that when the long axis of the
channel and the stress direction are parallel, stress concentrations
are reduced, and when they are perpendicular, they are at their
maximum value. Most Haversian canals run at a slight angle with
respect to the bone's long axis, on average about 11-17° with re-
spect to that axis [37], which reduces the shear stress on their walls
analogous to what was found for the nutrient artery. Although not
all Haversian canals are entirely circular, the canals generally are
closer to circularity than to an ellipsoid, which further reduces their
stress concentrating effects. On the contrary, Volkmann's canals,
which connect the more longitudinally-running Haversian canals,
run in directions more perpendicular to the load direction and so
may provide a larger stress concentrating effect than Haversian

Fig. 3. Partial cement line debonding. A microcrack (arrows) has partially
debonded an osteon from its surrounding matrix. En bloc basic fuchsin stain,
orig. mag. 62.5X.

orientation and shape of the inclusion, and the difference in elastic
modulus between the two materials” [p. 116]. Currey approached
this potential source of stress concentrations in bone at a more
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Fig. 4. (a) Microcrack (arrow) running between an Haversian canal and the
cement line. It is not clear whether the crack started at the canal and was
stopped by the cement line or started within the osteon and was stopped by the
canal. Because it would be unusual for a crack to start within an osteon without
a clear stress concentration present, the most likely explanation is that the crack
started from the canal side. En bloc basic fuchsin stain, orig. mag. 62.5x.

(b) Another example of a microcrack (arrows) started or stopped by a canal in
bone. In this case it is most likely that the crack started within the highly mi-
neralized calcified cartilage (CC), pierced the osteochondral junction (OCJ) and
was stopped by the Haversian canal (HC). En bloc basic fuchsin stain, orig. mag.
156 X.

canals. However, this effect again is reduced by their near circu-
larity, and could be minimized as well by their smaller diameters.
Still, in an ex vivo study, Reilly and Currey [38] demonstrated
tensile cracks initiating (presumably, although they could have
been arrested here) around blood vessels and remodeling cavities.
Because linear microcracks are now known to initiate a repair re-
sponse, they will often be found in association with resorption pits
(Fig. 7). It also may be possible that pre-existing resorption pits can
nucleate cracks at their base because of high stresses there [39-41],
although there is some controversy about the relative importance of
this to crack formation [42]. McNamara et al. [40] estimate stress
concentration factors of about 3 at the base of the resorption cavity,
which agrees quite well with Currey's estimate for a cylindrical pore
at a right angle to the direction of stress. Many resorption pits tend
not to be very circular (Fig. 8) (also see Fig. 9 in Ref. [43]) and
stress concentrations at the tip of a cutting front can be several
times larger than this. However, in cancellous bone most resorption
activity occurs on the surface of the trabeculae, where the bending
stresses are highest, yet most microdamage is found 30 pm or more
distant from the surface within the interstitial bone of the trabecula
[40]. This suggests that in cancellous bone, resorption pits are not
actually serving as a primary attractor to initiate bone damage.
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Fig. 5. Microdamage cutting across canaliculi. Confocal image.

Nevertheless, most resorption spaces were associated with micro-
damage in close proximity, though not intimately touching. This
may reflect that two-dimensional views of bone do not accurately
reflect the three dimensionality of both cracks and resorption tun-
nels [although Goff et al. used a 3-dimensional approach]. Fur-
thermore, it is very difficult to tell from cadaveric specimens or
from biopsies whether the association of resorption pits and mi-
crocracks reflects a stress concentrating effect that initiated the
crack, or whether a pre-existing crack initiated the resorption event
through targeted remodeling.

Canaliculi are long compared to their diameter of 1 um or less and
are arranged in a more 3-dimensional array than are the canals in
bone. Therefore, if their size permits, cancaliculi could act as stress
concentrators in bone. It is difficult to tell microscopically whether
cracks actually do start at canalicular boundaries, but it is clear that
they are not arrested by these boundaries as cracks 40-100 um in
length can readily be visualized cutting across many canaliculi
(Fig. 4). The extent to which structures of canalicular size actually
have any stress concentrating effect is still unknown nearly 60 years
after Currey's original observations.

The same may be true of the much larger (compared to canaliculi)
osteocyte lacunae that can range from a few microns along their minor
axis to 20-25 um along the major axis. The high local strains around
osteocyte lacunae [44] creates bands of stress concentrations between
them [45] that provide sites for crack nucleation. If these cracks grow,
they can reduce strains around adjacent lacunae, which in turn relieves
strain on the Haversian canal wall by a factor of three [46]. The re-
duction of stress on the Haversian canal wall, essentially putting it into
a state of virtual disuse, could contribute to, and complement, the well-
known effect of osteocyte apoptosis on signaling for repair of micro-
cracks, as the remodeling process has to begin on the surface of the
Haversian canal wall.

As with Haversian systems, shape is important and rounder lacunae
(of which there are fewer) are less prone to stress concentrating effects
than more spindle shaped lacunae. As the lacunae tend to be oriented
parallel to the direction of the lamellae, a crack crossing a lamella
would intersect the lacunae in the minor axis, where the stress con-
centrating effect of the lacuna is highest. However, if the crack was
“trapped” by the lamella and began to run circumferentially within the
lamella, it would encounter the lacuna along its long axis and the stress
concentration would be minimal. Currey's calculation of stress
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Fig. 6. (a) Microcrack (arrows) that appears to be stopped near a lacunar boundary (Lc). En bloc basic fuchsin stain.

(b) Multiple microcracks (arrows) at the osteochondral junction (OCJ) of the metaphysis of the proximal femur. Note on both the right left sides of the image that the
cracks appear to be running into the osteocyte lacunae, and being arrested. En bloc basic fuchsin stain, orig. mag. 156 x.

(c) Differential interference contrast (DIC) image of microcracks (arrows) running between osteocyte lacunae (Lc). Note that some appear to be stopped by the
lacunae, whereas others re-appear on the opposite side of a lacuna and continue to grow. Bovine plexiform bone.

concentration on lacunar walls from 20 different lacunae indicated that
there could be as much as 3-4 times greater stress concentration in the
minor direction as in the major.

Linear microcracks can be found stopped by lacunae (Fig. 6), al-
though it seems unlikely that cracks are initiated at this level. However,
the stress concentrating effects of lacunae can be demonstrated by the
large areas of diffuse damage adjacent to osteocyte lacunae when bone
is loaded ex vivo [38,47,48]. At high strains, clusters of microcracks
form around lacunae, perpendicular to the long axis of the lacuna [48].
This is in accordance with Currey's predictions of the stress con-
centrating effects of lacunae along the minor axis.

The bottom line to all of this, as Currey recognized, is that dis-
continuities in bone typically run in the long axis of the bone as an
adaptation to minimize otherwise high stress concentrations that would
prevail. This is particularly important in the case of hip fractures as the
impact energy absorption is reduced by the square of the stress, i.e., if
the stress triples, the ability of the bone to absorb energy is 9 times less.
Of course, there are other factors at work here as well, such as the
overall material properties of the bone tissue. However, the stress
concentrating effects would still have particularly negative con-
sequences in the superior cortex of the femoral neck, which is as thin as
a single trabecula in many older individuals.

5. Discontinuities in bone as stress arrestors

Stress concentrators can be stress arrestors as well. Similar con-
siderations as those outlined above apply to discontinuities that act as
stress arrestors: their effectiveness is based on their size, shape and
orientation. Currey relied on indirect evidence from other materials and
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from theoretical considerations in proposing that discontinuities in
bone could act as stress arrestors. He provided observational evidence
that this does occur in various ways at lacunar boundaries (Fig. 5),
although lacunae are small and their success at stopping cracks may
depend on speed of propagation. This may be the reason that diffuse
damage (collections of cracks on the order of < 10 um in length) is
more often found associated with lacunar walls than are larger linear
microcracks [48]. The rate of growth in turn may depend on the overall
heterogeneity of the bone tissue at different length scales, from microns
(osteons) to nanometers (mineralization heterogeneity and the col-
lagen-mineral interface). There may still be some uncertainty about size
thresholds required to arrest crack growth although these interfaces at
submicron levels seem to be good initiators [47].

Work since 1962 has made it clear that osteonal cement lines can
definitely act as crack arrestors [2,21,28] (Fig. 9), but their effective-
ness may depend on the length of the cracks and the speed at which
they propagate [49,50]. Cracks of average length (=100 pum) are gen-
erally stopped by cement lines, but longer cracks are either deflected
(100-300 um in length) or pass through the cement line (cracks >
300 um in length), where they can be stopped by the Haversian canal
or continue to grow into adjacent osteons [29,49]. In these cases, length
is probably a surrogate for speed of propagation, one reason that the
larger cracks are also more often associated with complete fracture of
bone [49]. Crack trapping by the cement line not only functions to slow
and potentially stop the growing crack — allowing an opportunity for
repair — but results in “isolation” of cracks [51] that could potentially
delay or prevent the coalescence of cracks that is the final (Stage 3)
phase of complete failure of the bone.

It is also clear that crack arrest plays an important physiological
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Fig. 7. (a) Microcrack (arrow) at the head of a resorption front (Rs). This re-
sorption front is relatively round, which would reduce its stress concentrating
effect. It is possible that the crack pre-existed the resorption pit, rather than the
reverse, and that the remodeling front is now in the act of resorbing the crack.
En bloc basic fuchsin stain, orig. mag. 32.5x.

(b) Another example of a resorption space (Rs, in more longitudinal section) in
association with a microcrack (arrow). En bloc basic fuchsin stain, orig. mag.
32.5x.

function not only by preventing catastrophic failure of bone, but by
allowing the bone time to mount a repair reaction that removes and
replaces the damaged tissue [52]. It also may relieve shear stress - bone
tends to be weak in shear, but materials with low shear strength often
have excellent fatigue properties because the displacement along the
shear planes relieves stress and delays failure [36,51]. The effectiveness
of these discontinuities is related partly to the stiffness differential that
they create in the bone matrix. Although there are differing views about
whether the cement line in bone is more mineralized [34] or less mi-
neralized [33,53], the effect of the stiffness differential on crack arrest
would still be similar. The risk of fracture in bone often depends less on
the magnitude of the stress or strain that initiates a linear microcrack
than on the stress required to propagate it through the material [54].
The many discontinuities in bone matrix at all levels of hierarchical
structure provide an ideal structure to prevent failure from cyclic fa-
tigue processes.

Lamellar discontinuities may also provide sites for crack arrest, as
they do in the hooves of horses [55]. Tubes, analogous to the Haversian
canals in bone, run through the hoof and are surrounded by as many as
8 layers of cellular keratin that spiral around the hoof at different an-
gles, in somewhat similar fashion to the lamellae around an Haversian
canal. The lamellar structure in human bone, whether osteonal or pri-
mary lamellar, is somewhat more complex than this, arranged in a
twisted plywood configuration, first observed by Giraud-Guille in 1988
[56]. This is an ideal configuration for stopping cracks as each time the
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Fig. 8. Microcrack (arrows) being resorbed by a remodeling front. Note the
osteoclasts (Oc) at the resorption front. The front end of this resorption space is
cone shaped rather than round, which would increase its stress concentrating
effect. Again, however, it is not clear whether the crack initiated at the head of
a site of ongoing resorption, or whether the resorption was initiated and tar-
geted to pre-existing damage. En bloc basic fuchsin stain, orig. mag. 312 x.
Reproduced with permission from John Wiley and Sons; Ref. [67].

crack arrives at a new and differently oriented interface, it changes its
growth path, loses energy, slowing slightly, and eventually may be
stopped. There is evidence that lamellae alone can arrest cracks as la-
mellar debonding can be found in areas of primary lamellae without
osteons [49].

Lamellar boundaries are characterized by either variations in col-
lagen fiber direction, or perhaps size and density of collagen fibers as
suggested by Marotti [57]. This raises the question about the role that
matrix heterogeneity, apart from stress concentrations, can play in the
formation and growth of microdamage. Differences in elastic modulus
between the interstitial bone, which is older bone and highly (or
“fully”) mineralized, and bone within the boundary of the osteonal
cement line, which is younger and often not fully mineralized, are
known to be associated with increased longitudinal fracture toughness
[58]. Guo et al. [59] modeled these stiffness differentials and showed
that the difference between the modulus of interstitial and osteonal
bone is a significant factor in nucleation of microcracks.

There is also evidence to suggest that heterogeneity can influence
the growth and merging of cracks and can re-direct them to interfaces
that can absorb energy [60,61]. Some of these processes may even be
active at sub-microscopic levels of organization. Matrix heterogeneity
in itself can slow the growth of microcracks in bone sufficiently to fa-
cilitate their arrest when they meet a larger architectural feature such
as a lamella or cement line [62]. This is one explanation for the ob-
servation that cracks can start but also stop in primary lamellar bone
that is largely devoid osteonal boundaries. Zioupos et al. [60] suggest
that some energy imparted to bone is stored prior to damage formation
but can help to drive the damage process once it starts. Presumably,
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Fig. 9. Images of microcracks (arrows) being arrested at the cement line.
(a) DIC microscopy, rabbit tibia, orig. mag. 55 % .

(b) DIC microscopy.

(c) DIC microscopy.

some of this energy is stored within the collagen or within the collagen-
mineral composite. Others have shown that the nature of the collagen-
mineral matrix may be a nidus for, or even help to stimulate the for-
mation of small cracks as a way to delay the formation of larger, more
detrimental cracks [63]. This is likely true, although it is important not
to confuse this process with a sequential process that defines diffuse
damage as a precursor to microscopically visible linear microcracks
directly derived from the smaller cracks. This latter view has now been
discounted, and diffuse damage is considered to be a different entity,
unrelated both the formation of linear microcracks and to their repair
[15].

Initially, Currey proposed that Haversian canals can also act as
stress concentrators in bone [8,38], as holes do in other materials. And
although he seemed to continue at times to hold this opinion [38], he
subsequently concluded that vascular cavities (and perhaps also
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resorption cavities) did not initiate microcracks but were effective in
crack deflection [29]. Because of their size (about 50 pm in diameter)
and shape (nearly round) canals act as very effective stress arrestors in
those cases in which a crack may have breached the cement line
(Fig. 4). The effect of holes in materials as stress arrestors has been
shown many times and is used in nonbiological materials to prevent
uncontrolled crack growth. Given this, one might consider that the
increased porosity that occurs with age provides an adaptive response
to prevent crack growth in a tissue that loses toughness with age.
However, Ural and Vashishth [64] showed that a 4% increase in por-
osity in bone is associated with a 62% decrease in crack growth
toughness, suggesting that porosity at least in bone is not a very good
crack arrestor. An alternate explanation is that deleterious changes with
age in bone material properties [65] more than offset the positive ef-
fects of pores as crack arrestors. On the other hand, a similar 4%
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increase in porosity is only associated with a 6% decrease (nearly 1:1)
in crack initiation toughness. This shows that holes in bone are not
particularly good crack initiators but are even less effective as crack
arrestors. Interestingly, when both changes in porosity and in bone
tissue properties are included in the model simulations, growth
toughness decreases by 83% (21% more than with porosity alone), but
crack initiation toughness decreased by 51% (45% more than with
porosity alone). The implication of this is that variations in crack in-
itiation are driven more by bone material properties, whereas crack
growth is affected by porosity.

6. The role of bone matrix properties in crack initiation

The discussion above suggests that there are numerous stress con-
centrators, and stress arrestors, in bone, some with stress concentration
factors that are quite high. However, much data collected over the past
25 years suggest that these stress concentrators in bone are actually not
a significant source of damage initiation. In cortical bone, 80% or more
of microscopically observable damage is found to initiate within the
interstitial bone [26-28], not at cement lines, resorption fronts, or
Haversian or Volkmann's canals. One exception to this may be the
diffuse damage that is found adjacent to osteocyte lacunae [38], or
other sites of stress concentration [29]. In cancellous bone, most of the
damage is found within the core of the trabeculae, not on the surface
where resorption cavities usually start [42,66]. The observation that
cracks form preferentially in interstitial bone is plausible because al-
though interstitial bone contains fewer stress concentrating features
than tissue that is younger, it is more highly mineralized and therefore
is expected to behave in a less ductile manner. This would precipitate
more damage, especially linear microcracks. A second observation is
that cracks also develop in non-osteonal bone that has few stress con-
centrating features above the size of lacunae and canaliculi, and those
cracks do not appear to begin preferentially at those interfaces.

Therefore, current data would suggest that most skeletal micro-
damage is not localized at sites of high stress concentration, but rather
initiation is influenced by local material and physical properties of the
bone tissue. This is consistent with studies done by Zioupos and Currey
[29] about 30years after Currey's original treatise on stress con-
centrations [8]. Zioupos and Currey [29] stated that features in bone
the size predicted by linear fracture mechanics to serve such a function
(from 340 um to over a millimeter) could not be identified. They con-
cluded that.

“we found no evidence to suggest that vascular or other naturally
occurring cavities initiated cracking in laminar bone loaded in
tension. The hollow vascular spaces in laminar bone appeared
adequately ‘armoured’ (reinforced), cracks did not originate from
them, and indeed they were usually able to deflect the micro-
cracking, which circumvented them. Microcracking of the bone
tissue was clearly related to the stress or strain experienced by the
tissue locally... rather than to the dimensions of holes in the tissue
that do not exist.” [p. 985]

Data collected since that time support the idea that, although many
architectural features in bone tissue can serve as crack deflectors or
even arrestors, material properties and the nature of the stress or strain
on the bone are likely to be a greater source of crack initiation.

7. Conclusion

The microarchitecture of bone tissue presents many features that
could act as stress concentrators for the initiation of bone microdamage.
This was first identified by John Currey in a seminal paper in 1962 in
which he presented the mechanical and biological evidence for stress
concentrations at the bone surface, within the bone through the action
of stiffness differentials between architectural features including be-
tween lamellae, and at the level of the lacunar and canalicular walls.
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Those early observations set the stage to consider how microscopic
damage to bone tissue might affect the properties of bone at a time
when most in the scientific community dismissed microcracks in bone
as artifact. Evidence collected in the nearly 60 years since those im-
portant initial observations suggest that some of these architectural
features in bone tissue are more effective as crack arrestors than as
crack initiators. Sites of higher mineralization in the bone matrix,
particularly interstitial sites in both cortical and trabecular bone, may
serve preferentially as locations for crack initiation, whereas those
boundaries identified by Currey as both stress concentrators and stress
arrestors are more effective at stopping cracks than at initiating them.

References

[1] H.M. Frost, Presence of microscopic cracks in vivo in bone, Henry Ford Hosp Med
Bull 8 (1960) 25-35.

D.R. Carter, W.C. Hayes, Compact bone fatigue damage: a microscopic examination,
Clin Orthop Rel Res 127 (1977) 265-274.

D.B. Burr, Targeted and nontargeted remodeling, Bone 30 (2002) 2—4.

A.M. Parfitt, A.M. Parfitt, Targeted and nontargeted bone remodeling: relationship
to basic multicellular unit origination and progression, Bone 30 (2002) 5-7.

R.B. Martin, Is all cortical bone remodeling initiated by microdamage? Bone 30
(2002) 8-13.

V. Bentolillia, T.M. Boyce, D.P. Fyhrie, R. Drumb, T.M. Skerry, M.B. Schaffler,
Intracortical bone remodeling in adult rat long bones after fatigue loading, Bone 23
(1998) 275-281.

O. Verborgt, G.J. Gibson, M.B. Schaffler, Loss of osteocyte integrity in association
with microdamage and bone remodeling after fatigue in vivo, J. Bone Miner. Res.
15 (2000) 60-67.

J.D. Currey, Stress concentrations in bone, Quart J Microscop Sci 103 (1962)
111-133.

S.W. Donahue, S.A. Galley, Microdamage in bone: implications for fracture, repair,
remodeling, and adaptation, Crit Rev Biomed Engng 34 (2006) 215-271.

M.E. Launey, M.J. Buehler, R.O. Ritchie, On the mechanistic origins of toughness in
bone, Ann Rev Mater Res 40 (2010) 25-53.

R.O. Ritchie, The conflicts between strength and toughness, Nat Mat 10 (2011)
817-822.

P. Zioupos, J.D. Currey, A.J. Sedman, An examination of the micromechanics of
failure of bone and antler by acoustic emission tests of laster scanning confocal
microscopy, Med Eng Phy 16 (1994) 203-212.

P. Zioupos, J.D. Currey, Pre-failure toughening mechanisms in the dentine of the
narwhal tusk: microscopic examination of stress/strain induced microcracking, J
Mater Sci: Mater in Medicine 15 (1996) 991-994.

N.L. Fazzalari, M.R. Forwood, B.A. Manthey, K. Smith, P. Kolesik, Three-dimen-
sional confocal images of microdamage in cancellous bone, Bone 23 (1998)
373-378.

Z. Seref-Ferlengez, J. Basta-Pijakic, O.D. Kennedy, C.J. Philemon, M.B. Schaffler,
Structural and mechanical repair of diffuse damage in cortical bone in vivo, J. Bone
Miner. Res. 29 (2014) 2537-2544.

T. Diab, K.W. Condon, D.B. Burr, D. Vashishth, Age-related change in the damage
morphology of human cortical bone and its role in bone fragility, Bone 38 (2006)
427-431.

D.B. Burr, R.B. Martin, Calculating the probability that microcracks initiate re-
sorption spaces, J. Biomech. 26 (1993) 613-616.

R.B. Martin, D.B. Burr, N.A. Sharkey, D.P. Fyhrie, Skeletal Tissue Mechanics, 2nd
edition, Springer, New York, 2015.

R.B. Martin, D.B. Burr, The Structure, Function, and Adaptation of Compact Bone,
Raven Press, New York, 1989.

F.J. O’Brien, D. Taylor, T.C. Lee, Microcrack accumulation at different intervals
during fatigue testing of compact bone, J. Biomech. 36 (2003) 9730980.

D. Vashishth, J.C. Behiri, W. Bonfield, Crack growth resistance in cortical bone:
concept of microcrack toughening, J. Biomech. 30 (1997) 763-769.

D. Vashishth, J. Koontz, S.J. Qiu, D. Lundin-Cannon, Y.N. Yeni, M.B. Schaffler,
D.P. Fyhrie, In vivo diffuse damage in human vertebral trabecular bone, Bone 26
(2000) 147-152.

R.K. Nalla, J.S. Stolken, J.H. Kinney, R.O. Ritchie, Fracture in human cortical bone:
local fracture criteria and toughening mechanisms, J. Biomech. 38 (2005)
1517-1525.

L. Cardoso, B.C. Herman, O. Verborgt, D. Laudier, R.J. Majeska, M.B. Schaffler,
Osteocyte apoptosis controls activation of intracortical resorption in response to
bone fatigue, J. Bone Miner. Res. 24 (2009) 597-605.

0O.D. Kennedy, B.C. Herman, D.M. Laudier, R.J. Majeska, H.B. Sun, Schaffler MB
(2012) Activation of resorption in fatigue-loaded bone involves both apoptosis and
active pro-osteoclastogenic signaling by distinct osteocyte populations, Bone 50
(2012) 1115-1122.

M.B. Schaffler, K. Choi, C. Milgrom, Aging and matrix microdamage accumulation
in human compact bone, Bone 17 (1995) 521-525.

T.L. Norman, Z. Wang, Microdamage of human cortical bone: incidence and mor-
phology in long bones, Bone 20 (1997) 375-379.

T.M. Boyce, D.P. Fyhrie, M.C. Glotkowski, E.L. Radin, M.B. Schaffler, Damage type
and strain mode associations in human compact bone bending fatigue, J. Orthop.

[2]

[3]
[4]

[5]

[6

[71

[8]
[91
[10]
[11]

[12]

[13]

[14]

[15]

[16]

[17]
[18]
[19]
[20]
[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]


http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0005
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0005
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0010
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0010
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0015
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0020
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0020
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0025
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0025
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0030
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0030
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0030
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0035
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0035
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0035
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0040
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0040
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0045
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0045
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0050
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0050
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0055
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0055
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0060
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0060
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0060
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0065
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0065
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0065
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0070
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0070
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0070
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0075
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0075
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0075
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0080
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0080
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0080
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0085
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0085
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0090
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0090
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0095
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0095
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0100
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0100
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0105
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0105
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0110
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0110
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0110
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0115
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0115
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0115
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0120
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0120
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0120
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0125
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0125
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0125
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0125
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0130
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0130
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0135
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0135
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0140
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0140

D.B. Burr

[29]
[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

Res. 16 (1998) 322-329.

P. Zioupos, J.D. Currey, The extent of microcracking and the morphology of mi-
crocracks in damaged bone, J Mat Sci 29 (1994) 978-986.

T.L. Norman, S.V. Nlvargikar, D.B. Burr, Resistance to crack growth in human
cortical bone is greater in shear than in tension, J. Biomech. 29 (1996) 1023-1031.
E.A. Zimmerman, E. Schaible, H. Bale, H.D. Barth, S.Y. Tang, P. Reichert, B. Busse,
T. Alliston, J.W. Ager III, R.O. Ritchie, Age-related changes in the plasticity and
toughness of human cortical bone at multiple length scales, Proc Nat Acad Sci 108
(2011) 14416-14421.

M.A. Gallant, D.M. Brown, M. Hammond, J.M. Wallace, J. Du, A.C. Deymier-Black,
J.D. Almer, S.R. Stock, M.R. Allen, D.B. Burr, Bone cell-independent benefits of
raloxifene on the skeleton: a novel mechanism for improving bone material prop-
erties, Bone 61 (2014) 191-200.

M.B. Schaffler, D.B. Burr, R.G. Frederickson, Morphology of the osteonal cement
line in human bone, Anat. Rec. 217 (1987) 223-228.

J.G. Skedros, J.L. Holmes, E.G. Vada, et al., Cement lines of secondary osteons in
human bone are not mineral-deficient: new data in a historical perspective, Anat
Rec (Part A) 286 (2005) 781-803.

S. Saha, Longitudinal shear properties of human compact bone and its constituents,
and the associated failure mechanisms, J. Mater. Sci. 12 (1977) 1798-1806.

P. Frasca, Scanning electron microscopy studies of ground substance in the cement
lines, resting lines, hypercalcified rings and reversal lines of human cortical bone,
Acta Anat. 109 (1981) 115-121.

J. Cohen, W.H. Harris, The three-dimensional anatomy of haversian systems, J.
Bone Joint Surg. 40A (1958) 419-434.

G.C. Reilly, J.D. Currey, The development of microcracking and failure in bone
depends on the loading mode to which it is adapted, J Exper Biol 202 (1999)
543-552.

J.C. Van der Linden, J. Homminga, J.A. Verhaar, H. Weinans, Mechanical con-
sequences of bone loss in cancellous bone, J. Bone Miner. Res. 16 (2001) 457-465.
L.M. McNamara, J.C. van der Linden, H. Weinans, P.J. Prendergast, Stress-con-
centrating effect of resorption lacunae in trabecular bone, J. Biomech. 39 (2006)
734-741.

C.J. Hernandez, How can bone turnover modify bone strength independent of bone
mass? Bone 42 (2008) 1014-1020.

M.G. Goff, F.M. Lambers, T.M. Nguyen, J. Sun, C.M. Rimnac, C.J. Hernandez,
Fatigue-induced microdamage in cancellous bone occurs distant from resorption
cavities and trabecular surfaces, Bone 79 (2015) 8-14.

P. Zioupos, X.T. Wang, J.D. Currey, The accumulation of fatigue microdamage in
human cortical bone of two different ages in vitro, Clin. Biomech. 11 (1996)
365-375.

D.P. Nicolella, D.E. Moraavits, A.M. Gale, L.F. Bponewald, J. Lankford, Osteocyte
lacunae tissue strain in cortical bone, J. Biomech. 39 (2006) 1735-1743 (Trans
Orthop Res Soc 1997; 22:39).

P.J. Prendergast, R. Huiskes, Microdamage and osteocyte-lacuna strain in bone: a
microstructural finite element analysis, J. Biomech. Eng. 118 (1996) 240-246.
P.J. Prendergast, R. Huiskes, Mathematical modeling of microdamage in bone re-
modeling and adaptation, in: A. Odgaard, H. Weinans (Eds.), Bone Structure and

525

[47]
[48]
[49]
[50]
[51]
[52]

[53]

[54]
[55]
[56]

[57]

[58]
[59]

[60]

[61]

[62]
[63]
[64]
[65]
[66]

[67]

Bone 127 (2019) 517-525

Remodeling, World Scientific, Singapore, 1994, pp. 213-223.

P. Zioupos, On microcracks, microcracking, in vivo, in vitro, in-situ and other is-
sues, J. Biomech. 32 (1999) 209-211.

G.C. Reilly, Observations of microdamage around osteocyte lacunae in bone, J.
Biomech. 33 (2000) 1131-1134.

F.J. O’Brien, L.T.C. Taylor, The effect of bone microstructure on the initiation and
growth of microcracks, J. Orthop. Res. 23 (2005) 475-480.

S. Mohsin, F.J. O’Brien, T.C. Lee, Osteonal crack barriers in ovine compact bone, J.
Anat. 208 (2006) 81-89.

K.J. Jepsen, D.T. Davy, D.J. Krzypow, The role of the lamellar interface during
torsional yielding of human cortical bone, J. Biomech. 32 (1999) 303-310.

R.B. Martin, D.B. Burr, A hypothetical mechanism for the stimulation of osteonal
remodeling by fatigue damage, J. Biomech. 15 (1982) 137-139.

D.B. Burr, M.B. Schaffler, R.G. Fredrickson, Composition of the cement line and its
possible mechanical role as a local interface in human compact bone, J. Biomech.
21 (1988) 939-945.

N.E. Frost, The growth of fatigue cracks, Proc 1st Int Conf Fracture 3 (1965)
1433-1459.

C. Zimmer, Tough as nails: how a horse’s hoof stops a crack, Natural Hist 9 (1999)
30-31.

M.M. Giraud-Guille, Twisted plywood architecture of collagen fibrils on human
compact bone osteons, Calcif Tiss Int 42 (1988) 167-180.

G. Marotti, M.A. Muglia, A scanning electron microscope study of human bony
lamellae. Proposal for a new model of collagen lamellar organization, Arch. Ital.
Anat. Embriol. 93 (1988) 163-175.

J.B. Phelps, G.B. Hubbard, X. Wang, C.M. Agrawal, Microstructural heterogeneity
and the fracture toughness of bone, J. Biomed. Mater. Res. 51 (2000) 735-741.
X.E. Guo, L.C. Liang, S.A. Goldstein, Micromechanics of osteonal cortical bone
fracture, J Biomech Eng/Trans ASME 120 (1998) 112-117.

P. Zioupos, C. Kaffy, J.D. Currey, Tissue heterogeneity, composite architecture and
fractal dimension effects in the fracture of ageing human bone, Int J Frac 139
(2006) 407-424.

P. Zioupos, M. Gresle, K. Winwood, Fatigue strength of human cortical bone: age,
physical, and material heterogeneity effects, J. Biomed. Mater. Res. 86A (2008)
627-636.

0. Akkus, C.M. Rimnac, Cortical bone tissue resists fatigue fracture by deceleration
and arrest of microcrack growth, J. Biomech. 34 (2001) 757-764.

M.B. Schaffler, W.C. Pltchford, K. Choi, J.M. Riddle, Examination of compact bone
microdamage using back-scattered electron microscopy, Bone 15 (1994) 483-488.
A. Ural, D. Vashishth, Effects of intracortical porosity on fracture toughness in aging
human bone: a nCT-based cohesive finite element study, J. Biomech. Eng. 129
(2007) 625-631.

D.B. Burr, Changes in bone matrix properties with aging, Bone 120 (2019) 85-93.
D.P. Fyhrie, M.B. Schaffler, Failure mechanisms in human vertebral cancellous
bone, Bone 15 (1994) 105-109.

D.B. Burr, M.B. Schaffler, The involvement of subchondral mineralized tissues in
osteoarthrosis: quantitative microscopic evidence, Microscop Res Tech 37 (1997)
343-357.


http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0140
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0145
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0145
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0150
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0150
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0155
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0155
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0155
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0155
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0160
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0160
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0160
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0160
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0165
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0165
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0170
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0170
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0170
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0175
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0175
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0180
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0180
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0180
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0185
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0185
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0190
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0190
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0190
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0195
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0195
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0200
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0200
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0200
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0205
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0205
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0210
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0210
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0210
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0215
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0215
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0215
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0220
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0220
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0220
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0225
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0225
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0230
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0230
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0230
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0235
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0235
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0240
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0240
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0245
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0245
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0250
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0250
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0255
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0255
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0260
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0260
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0265
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0265
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0265
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0270
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0270
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0275
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0275
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0280
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0280
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0285
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0285
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0285
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0290
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0290
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0295
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0295
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0300
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0300
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0300
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0305
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0305
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0305
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0310
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0310
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0315
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0315
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0320
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0320
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0320
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0325
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0330
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0330
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0335
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0335
http://refhub.elsevier.com/S8756-3282(19)30289-3/rf0335

	Stress concentrations and bone microdamage: John Currey's contributions to understanding the initiation and arrest of cracks in bone
	Introduction
	What are microcracks?
	Why are cracks important to bone?
	What did Currey say?
	Discontinuities in bone as stress arrestors
	The role of bone matrix properties in crack initiation
	Conclusion
	References




