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Abstract A stress fracture is a focal failure of bone induced
by the summation of repetitive forces, which overwhelms the
normal bone remodeling cycle. This review, the first of two
parts, discusses the general principles of stress fractures of the
foot and ankle. This includes bone structure, biomechanics of
stress applied to bone, bone remodeling, risk factors for stress
fracture, and general principles of imaging and treatment of
stress fractures. Cortical bone and trabecular bone have a con-
trasting macrostructure, which leads to differing resistances to
externally applied forces. The variable and often confusing
imaging appearance of stress fractures of the foot and ankle
can largely be attributed to the different imaging appearance
of bony remodeling of trabecular and cortical bone. Risk fac-
tors for stress fracture can be divided into intrinsic and extrin-
sic factors. Stress fractures subject to compressive forces are
considered low-risk and are treated with activity modification
and correction of any modifiable risk factors. Stress fractures
subject to tensile forces and/or located in regions of decreased
vascularity are considered high risk, with additional treatment
options including restricted weight-bearing or surgery.
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Introduction

A stress fracture is a focal failure of bone caused by the sum-
mation of repetitive forces, which are relatively strenuous or
new in comparison with the individual’s baseline activity.
Stress fractures can be divided into fatigue fractures and in-
sufficiency fractures [1]. A fatigue fracture is due to repeated
stress on a normal bone, and an insufficiency fracture repre-
sents fracture of a weakened bone in response to relatively
normal activity. This distinction is somewhat arbitrary because
it is not always clear where to draw the line between normal or
abnormal bone and between strenuous or expected/normal
activity. For consistency with the orthopedic literature, this
review uses the term stress fracture synonymously with fa-
tigue fracture. Insufficiency fractures are not discussed.

Structure of bone

Owing to the strength and permanence of the human skeletal
system, an individual’s bones may remain intact for thousands
of years. Because bones may be the only remnant of a de-
ceased individual’s existence, it is not surprising that bones
have been imprinted with the stigma of death since the earliest
human civilizations; however, despite this ancient misconcep-
tion, bone is in fact a remarkably dynamic, living organ.

The primary function of bones is to provide a means for
locomotion and complex movements, by functioning as light-
weight yet rigid levers for the muscles to pull against [2]. In
the adult, most of the skeleton is composed of lamellar bone,
which consists in large part of type I collagen stiffened by
calcium hydroxyapatite crystals [3]. In contrast, woven bone
is an immature form of bone that is predominant in fetal de-
velopment [4] and its presence in adults is limited to regions of
rapid bone turnover, such as healing fractures or metabolic
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bone disease such as Paget disease or hyperparathyroidism
[5].

The two distinct macrostructures comprising human lamel-
lar bone are cortical bone and trabecular (cancellous, medul-
lary) bone (Fig. 1) [5, 6]. Cortical bone surrounds the periph-
ery of the bone, is predominant in the diaphyses of the long
bones, and is made of individual cylindrical-shaped structures
called osteons, formed of concentric lamellae with a central
Haversian canal [7]. Neurovascular elements are present with-
in the central Haversian canal. Each osteon contains several
osteocytes, each located in a lacuna, which are connected by
thin canaliculi. A cement line marks the boundary of an
osteon, and functions to prevent microcrack propagation [8].
Cortical bone is dense (with a porosity of less than 5%), and is
less metabolically active than trabecular bone [7], with a turn-
over up to eight times slower [4]. The outer surface of cortical
bone is lined by the dual-layered fibrocellular periosteum,
with an inner layer populated with highly osteogenic cells
and an outer fibrous layer [9]. The inner surface of cortical
bone is the endosteal surface, a nonmembranous space com-
prised of a thin discontinuous layer of osteoprogenitor cells
[9]. In physiological bone remodeling, new bone is predomi-
nantly formed on the periosteal surface, and bone is resorbed
from the endosteal surface (Fig. 2) [10].

In contrast, trabecular bone is located in the central aspect
of the bone and is formed by a network of bone struts and
plates, which are oriented in lines optimized to withstand
stress. These struts and plates are also composed of osteons,

cortical bone

features tightly packed
Haversian osteons

cortical osteon

long bone

trabecular bone

features osteons arranged in struts

but unlike cortical bone, the central Haversian canal is not
present. Similar to cortical osteonal units, there is a concentric
lamellar organization, with osteocytes located within lacunae
interconnected by canaliculi. Trabecular bone is much less
dense than cortical bone, with a porosity of 50-90% [5].
Trabecular bone accounts for only 20% of the total bone mass
[5], but has a much greater surface area than cortical bone, and
therefore has a much higher rate of remodeling and bone turn-
over [3].

The bones in the foot and ankle are composed of varying
fractions of cortical and trabecular bone, dependent on their
complex shapes. Cortical bone provides most of the biome-
chanical support for long bones, such as the tibial and fibular
diaphyses, whereas the metaphyseal ends of the long bones
and the tarsal bones are composed predominantly of trabecular
bone.

The three major types of bone cells are osteoblasts, osteo-
cytes, and osteoclasts, all of which are present in both trabec-
ular and cortical bone. Osteoblasts line the surface of bones
and predominantly function to produce new bone matrix.
Osteocytes are former osteoblasts that are located in lacunae
and are surrounded by calcified bone mineral matrix.
Osteoclasts function to resorb bone by dissolving the hy-
droxyapatite crystals and deconstructing the collagen. The
noncellular component of bone is composed of a mixture of
mineral, organic, and water components, comprising approx-
imately 60, 35, and 5% respectively [4]. The mineral compo-
nent of bone predominantly consists of calcium

_ central Haversian canal
containing neurovascular elements

== osteocytes located in lacunae,

connected by canaliculi

'~
=~ cement line reinforces the periphery
of the osteon

trabecular osteon

Haversian canal is absent, but

lamellar structure, interconnected
osteocytes, and peripheral cement line
are similar features in comparison to

a cortical osteon.

Fig. 1 Illustration demonstrating the differing structures of trabecular and cortical bone
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Fig. 2 Illustration demonstrating
the basic structure of a long bone,
which is invested with an outer
periosteum and an inner

endosteum remodeling

hydroxyapatite, and is responsible for the compressive
strength of bone. The organic component largely consists of
type I collagen, and contributes to the tensile strength of bone.

Bone remodeling

Wolff’s law states that a bone responds to stress by continually
remodeling, resulting in an increase in strength over time
(Fig. 3) [11]. In fact, remodeling is an essential part of skeletal
development, initially occurring in utero with fetal movement
directly affecting bone growth [10]. Stress fractures result
when the dynamic response of skeletal remodeling in response
to progressive overload is not able to keep up with the repet-
itive external force (Fig. 4). Most stress factors are associated
with the triad of activity that is new or increased for the indi-
vidual, relatively strenuous, and repeated [12].

Stress fractures result from a complex interplay of bending,
compressive, tensile, shearing, and torsional forces (Fig. 5)
applied to bone from direct muscle action [6, 12] and indirect
transmission of ground-contact forces [13]. Cortical bone and
trabecular (cancellous) bone react differently to the applica-
tion of force. Cortical bone has a higher modulus of elasticity
than trabecular bone, resulting in its ability to withstand com-
pressive loads, but it is relatively intolerant of bending in

stress

stress

bone strength

remodeling remodeling

Fig. 3 Illustration demonstrates the principles of Wolff’s law, which
states that bone remodels and increases in strength in response to
applied stress. There is a temporary period of weakening before the
bone eventually becomes stronger

the periosteum covers
the outer surface of bone,
and is the site of new bone
formation in physiologic

\

~

the endosteum invests the inner surface
of bone and is the site of bone resorption in
physiologic remodeling

comparison to trabecular bone [5]. In contrast, trabecular bone
is relatively intolerant of compression. Of these forces, the
bending force is the most significant biomechanical factor
related to the development of a stress fracture in the tibia
[13], which is one of the most frequently studied sites of stress
fracture. A bending force applies tensile stress to the convex
aspect of the bone and compressive force to the concave as-
pect. Static bending forces applied to long bones do not lead to
bony remodeling, but intermittent bending does lead to new
bone deposition in regions of high bending stress [14].

Both cortical and trabecular bone respond to mechanical
loading by remodeling. Bone remodeling can occur on any of
the four discrete bone surfaces: the periosteal, intracortical,
and endosteal surfaces of cortical bone, and the trabecular
surface of trabecular bone. Bone remodeling can be classified
as stochastic (random) or targeted [15]. Stochastic remodeling
occurs when osteocytes randomly resorb bone without a local
signaling event, and is usually driven by calcium homeostasis.
In contrast, targeted remodeling, which is the form of remod-
eling incited by external stress, occurs in response to cellular
signaling, local microdamage, and/or osteocyte apoptosis.

The remodeling pathway (Fig. 6) begins with microcrack
(also called microfracture or microdamage) formation in re-
sponse to applied stress. Microcrack creation is considered a

repetitive stresses

bone strength

critical strength threshold

time
Fig. 4 Illustration demonstrates the etiology of a stress fracture. If
repetitive external stresses are applied too rapidly or in too great a
magnitude, the remodeling mechanism is not able to maintain bone
strength above a critical strength threshold and fracture can develop
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Fig. 5 Illustration demonstrates
the various types of forces that
can be applied to bone in vivo. Of
these forces, the bending force is
thought to be the most important
in the development of a stress
fracture. A bending force leads to
a compression force on the
concave aspect of the bone and a
tensile force on the convex aspect

microcrack formation initiates osteocyte
apoptosis and calcium channel signalling,
attracting osteoclasts

osteoclasts form resorption cavities
at the site of microdamage, clearing
the damage but temporarily
weakening the bone

osteoblasts create callus to repair
the microdamage

tensile

compression bending

shear

torsion

&«

cortical bone

microcracks

=y . . .
periosteal inflammation

resorption cavities
formed by osteoclasts

microcallus

trabecular bone

Fig. 6 Illustration demonstrates the remodeling pathway in both cortical and trabecular bone. The periosteum is only present in cortical bone
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normal physiological phenomenon to allow energy dissipation
and plastic deformation of bone. In experimentally produced
stress fractures in rabbit tibias, microscopic damage was evident
as small cracks with a mean length of 346 um [16]. The
microcracks sever canaliculi connecting the osteocytes, and in
combination with calcium channel signaling [17] result in os-
teocyte apoptosis and the release of local and hematological
factors. This signaling environment stimulates osteoclasts to
form resorption cavities [6], especially targeting the sites of
microcracks. After osteoclast resorption, osteoblasts create
new bone at the resorption cavities, completing the remodeling
pathway. The complete remodeling pathway (Fig. 6) can take
2-8 months [18], and there is a period of relatively decreased
strength of bone early in the remodeling cycle when resorption
cavities predominate owing to the delay of 10-14 days before
osteoblasts begin the process of new bone formation.

Although the basic remodeling pathway encompassing
microcrack formation, resorption cavity creation, and deposi-
tion of new bone is similar in cortical and cancellous bone,
there are a few key differences in the remodeling pathways of
these two macrostructures. Specifically, the periosteum
investing cortical bone may become inflamed [19], whereas
there is no associated periosteal envelope to provide ancillary
support to trabecular injury. A distinguishing feature of re-
modeling in trabecular bone is the ability of the supporting
struts to change orientation to better withstand applied stresses
(Fig. 7), which strengthens the bone along the axis of the
applied stress. Microcallus formation [20] is an integral com-
ponent of this trabecular remodeling owing to osteoblastic
new bone deposition along the trabecular struts.

Risk factors for stress fracture

The risk factors for stress fracture can be divided into intrinsic
and extrinsic factors [21]. Intrinsic factors are related directly

cyclically applied force

L 11

v VvV VvV Vv

~——n. areas of increased stress
strengthened by
new bone formation

-—

- gradually resorbed

areas of decreased stress

to the individual’s metabolic and anatomical characteristics,
including hormonal milieu, bone quality, cardiovascular fit-
ness, muscular strength, and anatomical alignment. Extrinsic
factors include the individual’s training regimen, dietary in-
take, and equipment such as footwear and training surfaces.
Women with low bone mineral density due to exercise-
induced menstrual abnormalities or premature menopause
are at increased risk for stress fractures [22], in addition to
women with a body mass index less than 21 kg/m?* [23].
The female athlete triad, a syndrome of deficient caloric in-
take, amenorrhea, and osteoporosis, can increase the risk for
stress fracture by 15-50% [24]. Decreased serum vitamin D
may also be a predisposing factor for stress fracture [25].
Female military recruits sustain stress fractures more frequent-
ly than men, although this sex-based difference in stress frac-
ture rate in the civilian population has not been as strongly
proven [26]. Amongst military recruits, individuals with the
slowest running times at the initiation of basic training were
up to 7.7 times more likely to experience lower extremity
stress fracture in comparison with the fastest runners [27].
However, in the civilian population, long-distance endurance
athletes such as marathon runners and cyclists may have rel-
atively decreased bone density and increased risk for stress
fracture [22].

The neuromuscular hypothesis states that proper neuro-
muscular function can dissipate the forces on bones and joints
that occur with athletic activity, and that muscle fatigue, rela-
tive muscle imbalance, or decreased muscle bulk are associ-
ated with stress fractures [28]. Several specific factors related
to an individual’s gait, training, and musculoskeletal morphol-
ogy may predispose to stress fractures, including variants in
posture, gait, and foot strike [29], such as pes planus [30]. A
longer running stride length also slightly increases the risk for
stress fracture by 3—6% [31]. A decreased tibial cortical thick-
ness and smaller muscle cross-sectional area are also shown to
be risk factors for tibial stress fracture in runners [32, 33].

remodeled trabecular struts
oriented to better withstand
the applied load

>

Fig. 7 Illustration demonstrates how trabecular orientation can be optimized by targeted remodeling in response to cyclically applied force
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General principles of treatment for stress fracture

The cornerstone of stress fracture treatment is an understand-
ing and correction of the factors that led to the injury [34].
Specifically, the extrinsic factors (training regimen, potential
dietary deficiency, and equipment insufficiencies) must be
addressed in a manner that is acceptable to the individual.
Intrinsic factors are much more difficult to modify. Stress
fractures can be classified into low-risk and high-risk types
[35-38] to help guide treatment. It is important to make the
distinction between these types of stress fractures, as over-
treatment of a low-risk stress fracture may result in
deconditioning and unnecessary time away from activity or
sport, and undertreatment of a high-risk fracture can lead to
complete fracture or non-union [37].

Fig. 8 Flow chart demonstrates
an imaging algorithm for the
clinical evaluation of a suspected
stress fracture

clinical suspicion
for stress fracture

radiographs

negative for
stress fracture or
alternative etiology

high-level athlete?

concern for high-risk site?

Mechanically, low-risk stress fractures are subject to
compressive forces, and generally heal well with activity
modification while maintaining normal weight-bearing. In
contrast, high-risk stress fractures are often subject to ten-
sile forces, may be located in regions of relatively de-
creased vascularity, or a combination of these two factors
may be involved. The three most common stress fractures
of the foot and ankle [39] are low-risk and include the
posteromedial distal tibia, the calcaneus, and the metatarsals
(excluding the fifth). Less common low-risk stress fractures
include the distal fibula, and very rare cuboid and cunei-
form stress fractures are also considered low risk. For low-
risk stress fractures, an athlete may be allowed to continue
the offending activity at a reduced level, with a gradual
increase in intensity dependent on symptoms.

positive for stress fracture
> treat stress fracture

repeat radiographs
positive for

treat as stress fracture and - stress fracture

repeat radiographs in 2-3 weeks
if persistent symptoms

repeat radiographs
negative for

stress fracture or
alternative etiology

specific diagnosis
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In comparison, a high-risk stress fracture is prone to de-
layed union or non-union, and more aggressive treatment is
typically advised [37]. High-risk stress fractures include the
anterior tibial cortex, the navicular, the base of the fifth meta-
tarsal, the medial malleolus, the hallux sesamoids, and the
talus. These fractures can be challenging to treat and may
require restricted weight-bearing or possibly surgery [37].
High-risk stress fractures tend to be subject to tensile force,
resulting in a lack of intrinsic stability and eventual formation
of a fracture gap [40], owing to cortical bone’s low resistance
to tensile loading [8]. In addition to activity modification, rest,
and surgical intervention, extracorporeal shock wave therapy
has also been reported to be an effective non-invasive tech-
nique for speeding up fracture healing, and to nonsurgically
treat stress fracture non-union [41].

Imaging of suspected stress fracture

A typical imaging pathway in the clinical setting of suspected
stress fracture (Fig. 8) is to perform radiographs initially. If
radiographs are negative and there is persistent concern for a
stress fracture, imaging options include MRI or repeat radio-
graphs in 2-3 weeks after treating the injury as a stress fracture
[42], although earlier MRI is preferred for high-level athletes
or if a high-risk stress fracture is suspected. If the repeat 2- to
3-week follow-up radiographs do not show stress fracture then
MRI can be performed at that time, to confirm the diagnosis of
stress fracture or to offer an alternative etiology. CT can be
helpful as a problem-solving tool in cases of an inconclusive
MRYI, but CT is not routinely used in the diagnostic evaluation
of stress fracture if MR is available [42].

Fig. 9 Radiographic and MR images demonstrating the typical imaging
appearance of stress fractures in three different patients. a Lateral
radiograph of the heel demonstrates a stress fracture of the calcaneus, a
trabecular-predominant bone, with sclerosis (arrows) oriented perpendic-
ular to the calcaneal trabeculae. b Frontal radiograph of the forefoot
(different patient from a) demonstrates faint periosteal reaction of the
medial cortex of the third metatarsal (arrows), an early sign of stress
fracture in a cortex-predominant region of bone. A metal marker has been

The clinical symptoms of stress fracture typically precede
the radiographic findings by 2—3 weeks, and radiographs are
insensitive for the detection of early stress injuries, with a
sensitivity of 15% reported for the detection of tibial stress
injury [43]. Radiographic findings are dependent on the chro-
nicity, specific bone involved, and even the location within
each bone [44]. If a stress fracture occurs in cancellous bone,
such as the tarsal bones or metaphysis of the long bone, the
initial radiographic finding is faint trabecular sclerosis due to
microcallus formation (Fig. 9) [6].

In contrast, if the cortex of a long bone is involved, the
initial radiographic finding is subtle cortical lucency followed
by periosteal reaction and endosteal callus formation [12, 43,
45], with a frank cortical break evident in high-grade injuries
(Fig. 9). Many stress fractures of the foot and ankle can be
notoriously difficult to detect on radiographs, especially stress
fractures of the cuboid, cuneiforms, and navicular [46], which
are often associated with a resultant delay in diagnosis.

Before the widespread use and availability of MRI, radio-
nuclide bone scanning was considered the gold standard test
for the detection of stress fracture, with a sensitivity close to
100% [47]. However, scintigraphy is nonspecific, imparts ra-
diation exposure, and treatment decisions cannot generally be
made solely on the scintigraphic findings. For these reasons,
radionuclide bone scanning is currently seldom performed if
MRI is not contraindicated.

Ultrasound is sensitive in detecting early stress fractures in
superficial bones such as the metatarsals [21] or anterior tibia,
but evaluation of the marrow space is not possible.
Sonographic findings of stress fracture may include focal
buckling of the cortex and surrounding hypoechoic callus
[48]. The sensitivity of ultrasound in the detection of stress

placed at the site of pain. ¢ Frontal radiograph of the ankle (different
patient from a and b) demonstrates the lucency of the medial and lateral
distal fibular diaphyseal cortices (arrows), with a frank cortical break
laterally, a late finding of a stress fracture in a cortex-predominant region
of bone. d Coronal T2-weighted MRI with fat suppression (same patient
as ¢) shows periosteal edema, bone marrow edema, and cortical irregu-
larity and signal change (arrows), consistent with a high-grade stress
fracture
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fractures ranges from 43 to 99%, with a specificity of 13—-79%
[42].

If a stress fracture is suspected clinically and initial radio-
graphs are negative, MRI is the next single best technique [42,
49, 50]. MRI findings of stress fracture include periosteal and
bone marrow edema, with intracortical signal changes or
intramedullary low-signal intensity fracture line only able to
be visualized relatively late in the pathogenesis of stress frac-
ture (Fig. 9) [51]. The periosteal changes may be the only MRI
manifestations of early cortical injury. It is important to note
that the initial stages of cortical injury are generally only ev-
ident with specialized imaging techniques that are not in rou-
tine clinical use, such as high-resolution micro-CT [52], or
possibly ultra-short TE MRI [53].

A stress reaction represents a clinical syndrome of exertion-
al pain, thought to be due to early accumulation of
microdamage [37] and likely representing an early stress in-
jury. Distinct from a stress fracture, radiographs are normal in
a stress reaction. Specifically, there is no cortical break, corti-
cal thickening, or periosteal reaction. The MRI findings of a
stress reaction include bone marrow edema-like signal, with-
out a fracture line. A stress reaction becomes a stress fracture
once a cortical break develops; however, this distinction is
arbitrary and based largely on the inability of routine imaging
to visualize the cortical microdamage that characterizes early
stress fractures. If intramedullary bone marrow edema-like
signal is seen on MRI, it is important to correlate it with the
site of pain, as bone marrow edema changes may be seen in
asymptomatic patients with altered weight-bearing [54] or
those exposed to other osseous stresses [49] thought to repre-
sent early subclinical remodeling. This pattern can appear
identical to a stress reaction. In one study, 43% of asymptom-
atic college distance runners were found to have bone marrow
edema changes, and the bony marrow signal alterations were
not predictive of the development of future tibial stress frac-
tures [55].

Conclusion

A stress failure is a focal failure of bone in response to the
summation of repetitive forces overwhelming the remodeling
pathway. Lamellar bone is composed of osteons, which are
tightly packed in cortical bone, and arranged in struts in tra-
becular bone. Both macrostructures of bone are constantly
undergoing remodeling, which can be stochastic or targeted
to a specific site of injury. Targeted remodeling is instigated by
cortical or trabecular microdamage, cellular signaling, and
osteocyte apoptosis, which attracts osteoclasts and leads to
resorption cavities and subsequently new bone formation by
osteoblasts. There is a temporary weakening of bone early in
the remodeling cycle, when resorption cavities predominate.
The contrasting macrostructures of cortical and trabecular

@ Springer

bone contribute to the varying appearances of stress fractures
of the foot and ankle. In diaphyseal locations, cortical bone
predominates and the stress changes are initially centered on
the cortex, although routine imaging is not well able to direct-
ly visualize these early cortical changes. In the metaphyseal
region of long bones and tarsal bones, trabecular bone pre-
dominates and the stress changes are centered in the medullary
space. Treatment depends on the specific location of the stress
fracture, with low-risk types treated with activity modifica-
tion, and additional treatment options for high-risk types in-
cluding restricted weight-bearing or surgery. Radiographs are
relatively insensitive in early injury, and MRI is the single best
imaging modality for the assessment of stress fractures.
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