Imaging of running-induced
OSSE0US INnjuries

Osseous overuse and stress-related injuries commonly occur in individuals who participate in the sport of
running. While the clinical history and physical examination are important first steps in establishing the
correct diagnosis, imaging often plays a vital role in confirming the diagnosis and in determining the
extent of injury and prognosis for the injured athlete. This article will provide a thorough review of the
numerous osseous stress injuries that occur in runners, including a summary of the high-risk stress fractures.
Imaging strategies are discussed and the typical radiographic, CT, MRI and nuclear scintigraphic findings
are described for each of the various stress-related injuries associated with running.
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stress injury

Running continues to grow in popularity as a
sport and is also an important component of
the training and conditioning of athletes who
participate in numerous other sports includ-
ing American football, basketball and soccer to
name a few. Therefore, it is not surprising that
the number of running-associated injuries is on
the rise [1]. Many factors can put a runner at risk
of injury but the majority of injuries result from
overuse, often following a sudden increase in
activity level or an abrupt change in the training
regimen. While obtaining an accurate clinical
history and performing an appropriate physical
examination are the most important factors in
establishing the correct diagnosis, imaging often
plays a vital role in establishing or confirming
a suspected diagnosis. Imaging can often dif-
ferentiate soft tissue from osseous injury, can
help guide therapy and aid in determining the
prognosis for a specific injury. Here we review
the clinical and imaging findings associated
with common osseous stress-related injuries that
occur in runners.

Osseous injuries

Stress fractures can be categorized as fatigue
stress fractures or insufficiency stress fractures
(2-4). Fatigue fractures occur in bones that have
normal mineralization and normal elasticity
properties and most often occur in the young
athletic population or in military recruits, result-
ing from rigorous physical activity or training.
Insufficiency fractures occur in bones that have
decreased mineralization and or abnormal elas-
ticity properties and result from the normal
activities of daily living. These fractures are
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more likely to occur in the elderly population,
in women or in individuals with predispos-
ing illnesses, such as rheumatoid arthritis or
renal disease, or exogenous steroid use [3,5.6].
Hormonal factors, including the menopause
or amenorrhea, especially when associated with
minimal body fat or anorexia can play a role in
stress fractures in females [7.8]. As a result, stress
fractures in female athletes are considered by
many to be a combination of both fatigue and
insufficiency. Insufficiency fractures should be
differentiated from pathologic fractures, which
occur secondary to an underlying bone lesion
such as a tumor, cyst or infection.

B Biomechanics of osseous stress injury
There is a broad continuum of stress-related
bone injuries that occur as a result of exces-
sive repetitive force placed on a given bone,
and these injuries are common in the lower
extremities of runners. This repetitive force
is a combination of many factors including
weight-bearing, muscular contraction as well
as bending and torsional forces that are applied
to the affected bone. Bone is a dynamic tissue
that responds to various stresses placed upon
it. When these stresses exceed the bone’s abil-
ity to remodel and repair itself, then we see a
spectrum of osseous injury that begins with
microtrabecular injury and culminates with a
complete fracture.

Radiographs

Radiographs are typically normal during the
first 2-3 weeks following the onset of pain in
a runner who develops an osseous stress injury.
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Radiographs can remain normal for consider-
ably longer periods of time. When abnormal,
the radiographic appearance depends upon
the timing and the location of injury. Injuries
that involve cortical bone (i.e., the shaft of a
long bone) will usually present with a cortical
lucency oriented perpendicular to the long axis
of the bone (SUPPLEMENTARY FiGure 1A, see online
www.futuremedicine.com/doi/suppl/10.2217/
iim.10.37). Periosteal new bone formation and
cortical thickening are late radiographic find-
ings. When stress changes occur in cancellous
bone (i.e., metaphyseal regions of a long bone,
femoral neck, and small bones of the foot and
ankle), radiographs most often show an ill-
defined linear area of sclerotic density located
within the medullary space of the bone. The
area of sclerosis is typically oriented perpendicu-
lar to the primary trabeculae of the involved
bone (SurPLEMENTARY FIGURE 1B) [2,3].

CT scan

CT imaging only plays a limited role with
regard to the evaluation of suspected osseous
stress injuries of the lower extremities. However,
there are a few specific instances when CT
imaging can be of particular help. These include
evaluation of a potential longitudinal stress frac-
ture of the tibial shaft, evaluation of the tarso-
navicular bone (Ficure 1) or of the sesamoids of
the great toe, and in detecting the presence of a
nidus when attempting to differentiate an oste-
oid osteoma from a stress injury of the bone

(SurPLEMENTARY FIGURE 2) [9,10].

Nuclear-medicine bone scan
Nuclear-medicine bone scan demonstrates
excellent sensitivity for the detection of osseous
stress-related injuries of the lower extremity and
has long been considered the gold standard with
regard to detecting early stress-related changes
of bone. More recently, MRI has supplanted
bone scintigraphy as the imaging modal-
ity of choice in most instances of suspected
stress-related osseous injuries of the lower
extremity [11-13]. MRI demonstrates sensitiv-
ity equivalent to bone scan for the detection of
stress-related injuries and has improved specifi-
city with regard to differentiating stress changes
from tumor, infection or other bone lesions and
also nicely depicts soft tissue injuries that often
accompany or mimic an osseous stress-related
abnormality [14].

Nuclear-medicine bone scan will detect an
area of increased uptake within areas of osseous
stress response much earlier than radiographic
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imaging will demonstrate a detectable abnor-
mality (Fieure 2). Repetitive stresses placed on
a bone resulting from increased activity level
or a change in training regimen will result in
increased turnover of bone, and the focal area of
increased uptake on the bone scan corresponds
to the area of increased osteoblastic activity. A
normal bone scan has a high negative predictive
value and in the past was thought to exclude the
possibility of a stress fracture even in clinically
suspected cases [15]. However, more recently,
several reports of abnormal MRI examinations
in the setting of a normal nuclear-medicine
bone scan have demonstrated that MRI pro-
vides a higher level of sensitivity in the detec-
tion of early osseous stress changes [7.16-20].
In addition, Bryant ez a/. demonstrated that
SPECT imaging can detect early stress-related
changes of the femoral neck in the setting of a
normal planar bone scan [18]. Zwas et al. devel-
oped and later refined a classification of bone
scintigraphic findings, grading the extent of
stress lesions from mild to severe. The grade of
lesion as determined by bone scan is useful in
directing therapy (Tase 1) and in establishing an
appropriate prognosis [1s].

When performing a bone scan on a runner
with a suspected osseous stress injury, it is rec-
ommended that the area of imaging include
the entire pelvis and bilateral lower extremities
regardless of the symptomatic site, as patients
may demonstrate additional asymptomatic
lesions in contralateral bones or in additional
areas within the ipsilateral lower extremity. The
rate of resolution of bone scan abnormality is
generally related to the severity of lesion, with
most low-grade lesions resolving within the first
4—6 months. Persistent unresolved lesions in
most cases are believed to be related to a lack of
rest and are generally associated with persistent
symptoms. Occasionally patients with persist-
ent activity will show new lesions on subsequent
follow-up examinations [15,21].

MRI

With regard to the detection of osseous stress-
related injuries and stress fractures, MRI has
been shown to demonstrate both improved sen-
sitivity and specificity relative to bone scinti-
graphy (11]. MRI findings typically parallel
bone scintigraphic changes. Early findings may
include subperiosteal edema with or without
adjacent soft tissue edema. Medullary edema,
manifested as low T, and increased T, signal
on short TT inversion recovery or T, -weighted
imaging with fat saturation, can also be an early
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Figure 1. Stress fracture: CT imaging appearance. (A) Coronal CT reconstruction through the proximal tibia reveals a transverse

linear area of sclerosis (arrow) involving the proximal medial tibial metaphysis representing a stress fracture. (B) Axial CT image through

the midfoot shows a linear lucency (arrow) extending across the short axis of the tarsal navicular, indicating a stress fracture.

finding. As the extent of osseous stress-related
changes progress, marrow edema may become
more intense and more extensive with eventual
intracortical signal abnormality developing.
Magnetic resonance findings of early osseous
stress-related injury may be nonspecific and
may appear similar to changes of infection,
bone contusion or a marrow infiltrative process.
However, the correct diagnosis is often made
on the basis of the clinical history combined
with the typical imaging findings. Early stress
fracture will typically appear as an ill-defined
low-signal intensity line, seen on all pulse
sequences, with surrounding marrow edema.
The stress fracture may be intramedullary,
but often extends to the cortex of the bone.
Visualization of the linear area of low-signal
intensity coupled with adjacent marrow edema
is highly suggestive of a stress fracture (Ficure 3)
and, in the proper clinical setting, essentially
excludes other diagnostic considerations [16].

Pelvis

Both fatigue and insufficiency stress fractures
have been reported in various locations of the
osseous pelvis. Fatigue fractures most often
occur in regions of the pubic rami, typically
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involving the lateral aspect of the superior pubic
ramus or the medial aspect of the inferior pubic
ramus. Stress fractures can also occur in the
supra-acetabular regions of the pelvis and in the
region of the sacrum. Pelvic stress fractures have
been reported in runners, military recruits, soc-
cer players and bowlers and, while seen in both
males and females, they are most commonly
reported in females [7,22].

Early osseous stress changes of the pelvis are
difficult to detect on radiographs but are easily
detected on either MRI or bone scintigraphy.
In long-standing cases, radiographs often show
an area of ill-defined sclerosis usually verti-
cally oriented in the region of the pubic rami
or horizontally oriented in the supra-acetabular
region. Bone scintigraphy will show an area of
increased uptake while MRI will demonstrate
areas of low T, or bright T, signal. Once a stress
fracture develops, a linear area of low-signal
abnormality will be seen on magnetic reso-
nance images surrounded by marrow edema
(SuPPLEMENTARY FIGURE 3). Knowledge of the typical
locations of pelvis stress fractures can improve
the likelihood of detection. Sacral stress frac-
tures are typically seen as a linear area of low
signal surrounded by marrow edema within
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Figure 2. Stress fracture of tibia: nuclear
scintigraphy. Anterior view of the lower legs
shows extensive transcortical area of increased
uptake indicating a grade IV lesion of the
proximal tibial shaft.

L: Left; R: Right.

the sacral ala and are often bilateral in occur-
rence. With regard to sacral stress fractures,
bone scintigraphy has been shown to be nearly
100% sensitive, while MRI is slightly less sen-
sitive, but has better specificity (Freure 4) [2,11].
CT imaging lacks sensitivity, but the presence
of a linear lucency surrounded by sclerosis is
diagnostic of a stress fracture.

Femur

The femur is the fourth most common loca-
tion for stress fracture in the running athlete.
In a large series of athletes with lower extrem-
ity stress fractures, Matheson e a/. reported the

Grade
of lesion

Bone scan findings

I Small ill-defined area of mild
increased uptake

I Larger well-defined elongated cortical
area of moderate increased uptake

Il Wide fusiform corticomedullary area of
marked increased uptake

vV Extensive transcortical area of intense
increased uptake

Data taken from [15].
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Recommended duration
of rest (weeks)

3-4

3-4

4-6
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tibia to be the most common location, account-
ing for 49% of all stress fractures, with tarsal
bones accounting for 25% and the metatarsals
9%. The femur accounted for approximately
7% of stress fractures in this population [5].
Femoral stress fractures can occur in numerous
locations including the subchondral region of
the femoral head, femoral neck and shaft and
occassionally in the region of the distal femoral
condyles. Femoral neck stress fractures are con-
sidered high-risk fractures with a high rate of
complication when the diagnosis is delayed or
if the patient is inadequately treated (Box 1) [23].

B Femoral head stress fractures
Subchondral stress fracture of the femoral head
is an uncommon lesion that has recently been
described and in the past was most likely mis-
classified as either transient osteoporosis or avas-
cular necrosis of the femoral head. Subchondral
stress fractures of the femoral head are now a
recognized entity separate from avascular
necrosis or transient osteoporosis with specific
imaging findings. Subchondral insufficiency
stress fractures of the femoral head have been
reported in the elderly and in postliver trans-
plant patients, while fatigue stress fractures have
been reported in the young athletic population
and in military recruits [24,25]. These patients
present with insidious onset of hip pain that
worsens with activity. There is a single report
of bilateral femoral head subchondral stress
fractures but bilaterality does not appear to be
as common as is seen with femoral head avas-
cular necrosis, which is reported in up to 50%
of cases [26].

Radiographs are typically normal at the
time of presentation. MRI demonstrates an
ill-defined low-signal intensity line parallel-
ing the subchondral plate of the femoral head
with diffuse marrow edema noted through-
out the femoral head (Fieure 5). Insufficiency-
type subchondral fractures often progress to
cortical collapse, leading to secondary osteo-
arthritis while collapse of the femoral head in
fatigue-type subchondral fractures appears to
be uncommon [24]. The increased incidence
of collapse in insufficiency-type fractures may
be associated with inferior quality bone in this
subset of elderly patients when compared with
the young athletic population. Conservative
treatment with nonweight bearing usually
leads to resolution of MRI findings and symp-
toms in the young patient. In patients with hip
pain and diffuse subchondral marrow edema
on MRI, a thorough search should be made
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for the presence of a nondisplaced subchon-
dral fracture line paralleling the subchon-
dral plate, which differentiates a subchondral
fracture from avascular necrosis or transient
osteoporosis [24].

B Femoral neck stress fractures

Fatigue stress fractures of the femoral neck
most often occur in long-distance runners and
in military recruits. Females appear to be more
prone to these stress fractures, especially those
with the so-called female athlete triad, defined
as a female athlete with an eating disorder,
amenorrhea and osteoporosis [27-29]. Stress frac-
tures associated with the female athlete triad
are considered by many to be a combination
of stress and insufficiency-type fractures. The
patient complains of an insidious onset of groin
pain following a recent increase in activity level
or training. The pain is often exacerbated with
activity and relieved with rest. Femoral neck
stress fractures in athletes (fatigue fractures)
usually occur along the medial aspect, basi-
cervical region of the femoral neck involving
the compressive trabeculae, while insufficiency
fractures of the elderly population occur more
commonly along the lateral aspect, subcapital
region of the femoral neck involving the tensile
trabeculae and present a higher risk for fracture
completion [30].

Radiographs will be normal during the early
stages of femoral neck stress injury. The ear-
liest findings will be an ill-defined horizontal
linear-appearing sclerotic density but this may
not be apparent for several weeks following the
onset of Symptoms (SurPLEMENTARY FIGURE 4A). The
index of suspicion should be high for femoral
neck stress fractures in patients with known
risk factors and additional imaging should be
ordered early in the evaluation process. If bone
scintigraphy is performed, it should be remem-
bered that SPECT imaging is more sensitive
than planar bone scintigraphy in the detection
of femoral neck stress injury [18]. However, MRI
is the preferred imaging modality to assess and
grade the extent of stress injury of the femoral
neck (SurPLEMENTARY FIGURE 4B-4D). The majority
of athletes with stress fractures located along
the medial side of the femoral neck (compres-
sive trabeculae) can be treated conservatively
with rest and nonweight bearing, while elderly
patients with lateral- or tensile-sided insuf-
ficiency fractures usually require pinning to
prevent the catastrophic complication of frac-
ture completion [31,32]. In cases of early detec-
tion and imaging, MRI will show marrow

Figure 3. Stress fracture of medial tibial metaphysis: MRI appearance.

A 19-year-old runner with left knee pain. MRI - (A) coronal T,-weighted image and
(B) coronal T,-weighted image with fat saturation — shows a transverse linear area
of low signal (arrows) representing a stress fracture of the medial tibial metaphysis

with surrounding marrow edema.

edema in the region of the femoral neck. More
advanced cases will show an incomplete low-
signal intensity line running perpendicular to
the trabeculae of the femoral neck. In the young
athlete, the stress fracture is most often seen
along the medial aspect, basi-cervical region of
the femoral neck, while in the elderly patient
the fracture is most often seen laterally in the
subcapital region of the femoral neck. In those
patients who are appropriately treated, marrow

Figure 4. Bilateral sacral insufficiency
fractures. (A) Nuclear scintigraphy shows
increased uptake within the sacral ala bilaterally.
(B) Coronal T,-weighted image shows vertical
linear-appearing low-signal abnormality with
increased T, signal in the same distribution seen
on (C) the coronal T -weighted image.

This pattern is diagnostic of bilateral sacral
insufficiency fractures.
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Lateral (tensile side) femoral neck
Patella

Anterior tibial cortex

Medial malleolus

Talus

Tarsal navicular
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Sesamoids of the great toe

tHigh-risk stress fractures are defined as those at risk for
poor healing or delayed union, usually as a result of
tensile forces or poor vascularity and thus require
aggressive management and treatment [23].

signal changes resolve in 90% of patients within
6 months. Persistent marrow signal greater than
6 months usually indicates a new injury or
inadequate rest [33].

B Adductor insertion

avulsion syndrome

Adductor insertion avulsion syndrome refers
to an overuse injury that results from chronic
repetitive traction forces that occur along
the medial aspect of the proximal third of
the femur at the insertion site of the adduc-
tor longus and brevis muscles. The individual
typically presents with chronic progressive
pain that is vague and difficult to localize but
is most often described as involving the groin
or proximal medial thigh. The pain is often
exacerbated by activity, relieved by rest and is
most often reported in female long-distance
running or female military recruits, although
there are a few reports in male athletes as well.
The pathophysiology of adductor insertion
avulsion syndrome is similar to that of shin

Figure 5. Subchondral fatigue-type stress fracture of the femoral head.
(A) Coronal T,- and (B) sagittal T,-weighted images demonstrate a low-signal
intensity line (arrows) in the subchondral region of the femoral head with diffuse
marrow edema located throughout the femoral head and neck region. This was
noted in a young long-distance runner with hip pain. The patient went on to heal
without cortical collapse of the femoral head following appropriate therapy.
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splints and, as a result, this entity is sometimes
referred to as thigh splints. The symptoms usu-
ally abate with conservative treatment and rest,
but if the individual continues the aggravat-
ing activity then the early changes of periostitis
can progress to a stress fracture of the proximal
femoral shaft [34.35].

Radiographs are typically normal in thigh
splints but in advanced cases may demonstrate
changes of mild periostitis along the postero-
medial aspect of the proximal femoral shaft.
Nuclear-medicine bone scan will reveal linear
uptake along the proximal medial femoral cor-
tex proximal while in advanced cases, uptake
may occur along both the medial and lateral
cortex. CT examination will show linear perio-
steal new bone formation along the posterome-
dial aspect of the proximal to mid-femur. MRI
will show increased T, signal parallel to the
posteromedial cortex of the proximal to mid-
femur. The length of periostitis can extend as
much as half of the length of the femoral shaft.
The location of the periostitis in thigh splints is
often seen at, or just below, the inferior margin
of the field-of-view obtained in a standard hip
MRI. As a result, this condition may be missed
on a standard MRI of the hip and if adduc-
tor insertion avulsion syndrome is suspected
clinically, the field-of-view for imaging of the
hip should be enlarged to include the proximal
third to half of the femur (Ficure 6). In advanced
cases, abnormal signal may be noted within
the medullary space but only rarely within the
cortex of the femur at the level of periostitis.
The presence of periostitis along the proximal
aspect of the femoral shaft should prompt a
thorough search for an associated stress fracture
(SUPPLEMENTARY FIGURE 5). Differential diagnosis also
includes infection, tumor and osteoid osteoma,
which should be easily differentiated in most
cases on the basis of clinical presentation and
imaging findings [34,35].

B Femoral shaft & femoral condyle
stress fractures

Femoral shaft stress fractures are uncommon
and in some instances may be associated with
progression of adductor assertion avulsion stress
injury (SurPLEMENTARY FIGURE 5) [30]. Stress fractures
of the femoral shaft may present with vague
groin or proximal thigh pain and there are
reports of femoral shaft stress fractures pro-
gressing to complete fractures in the setting of
continued activity [27). Distal femoral condyle
stress fractures are also uncommon. In long
standing cases, radiographs may demonstrate
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an incomplete fracture line with adjacent peri-
osteal new bone formation and cortical thick-
ening. Early stress changes are best depicted
with MRI (SuPPLEMENTARY FIGURE 6) . Stress fractures
can also occur in the subchondral bone of the
femoral condyles in association with underly-
ing meniscal tears. These stress fractures are
typically subchondral in location with extensive
surrounding marrow edema. In the past many
of these lesions were referred to as spontaneous
osteonecrosis but the majority represent true
stress or insufficiency fractures. Conservative
treatment often results in complete healing
without significant sequelae, although some of
these lesions may progress to overlying cortical
collapse and fragmentation resulting in second-
ary osteoarthritis of the involved compartment
of the knee. MRI typically reveals a low-signal
intensity line within the subchondral bone
paralleling the cortex of the femoral condyle
(SuPPLEMENTARY FIGURE 7). This entity may be asso-
ciated with an overlying meniscal tear or may
occur as a postsurgical complication following
partial meniscectomy.

Patella

Patellar stress fractures appear to be rare, as
indicated by their lack of inclusion in two large
published series of lower extremity stress frac-
tures in athletes [5.36]. Stress fractures of the
patella are typically seen in the young athletic
patient but have been reported in a 64-year-old
runner [3738]. In the young athletic patient, the
presence of patellar tendinitis often precedes a
stress fracture of the patella [39). While patellar
stress fractures have been reported in runners,
they are also reported in weightlifters, basket-
ball players and other athletes. Patients often
present with pain localized to the patella and
tenderness upon palpation. While rare, there
have been case reports of bilateral patellar
stress fractures in a marathon runner and in a
basketball player [37.40].

Radiographs are typically normal at the
time of presentation, and the diagnosis is often
delayed until such time as the fracture goes
on to completion. At the time of completion,
the patient often describes an audible ‘pop’ or
‘cracking’ sensation followed by pain and inabil-
ity to ambulate [39.41]. Patellar stress fractures
are thought to result from the diametric forces
of the quadriceps tendon and the patellar ten-
don. The patella is the largest sesamoid within
the body and its unique anatomy within the
extensor mechanism results in tensile forces
being placed upon the anterior cortex of the
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Figure 6. Adductor insertion avulsion syndrome thigh splints. (A) Coronal
and (B) axial T -weighted images through the proximal thigh demonstrate a long
segment of periostitis (long arrows) along the medial aspect of the proximal femur
with intracortical and intramedullary edema (short arrows).

patella while the subchondral region of the
patella experiences compressive forces. As a
result, stress fractures involving the anterior
cortex of the patella are at a higher risk for frac-
ture completion. A high index of suspicion is
required to make the correct diagnosis prior to
fracture completion and imaging with MRI can
be beneficial in establishing a timely diagno-
sis (SUPPLEMENTARY FIGURE 8). MRI will demonstrate
diffuse marrow edema within the patella and
the presence of a low-signal intensity transverse
line may be identified. Stress fractures typically
occur in the transverse plane at the junction of
the middle and distal two thirds and fracture
completion typically results in displaced frac-
ture fragments. It has also been suggested that
symptomatic bipartite patella may be the result
of chronic tensile forces across the unfused
synchondrosis of the patella [42].

Tibia

B Medial tibial stress syndrome

(shin splints)

Medial tibial stress syndrome refers to a con-
dition in which there is stress-related perio-
steal changes involving the medial aspect of
the distal third of the tibia at the origins of
the posterior tibialis, soleus and flexor digi-
torum muscles [43,44]. Athletes report diffuse
pain and tenderness located along the postero-
medial tibia. The pain is activity related and
most often reported late in the season after
prolonged training and activity [43]. The
individual complains of activity-related pain,
relieved with rest. While bone scintigraphy has
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suggested that this is a clinical entity separate
from stress-related changes of the tibia that
lead to stress fracture, MRI has demonstrated
that medial tibial stress syndrome shin splints
is likely to be a stress-related injury that is on
a continuum with stress fracture. Medial tibial
stress syndrome is thought to represent a peri-
ostalgia or possibly a tendonopathy associated
with the attachment of the posterior tibialis and
soleus muscles [8].

Radiographs are normal in medial tibial
stress syndrome; however, bone scintigraphy
will reveal longitudinal uptake along the distal
third of the tibia, which is diagnostic of shin
splints and differs from the more fusiform
increased uptake noted with stress fracture.
MRI has also been demonstrated to have find-
ings typical of medial tibial stress syndrome and
can differentiate shin splints from more severe
stress-related changes of the tibia, which can
lead to stress fracture. MRI will reveal isolated
linear high signal noted along the medial aspect
of the tibia indicating subperiosteal edema
occasionally associated with minimal soft tis-
sue edema within the adjacent posterior tibialis,
soleus and flexor digitorum muscles. However,
the tibia is otherwise normal with no cortical
or marrow edema and no evidence of a stress

fracture with no cortical break or low-signal
intensity line noted (Fieure 7) [45]. Individuals
with medial tibial stress syndrome typically
respond to 2—-3 weeks of rest with nonsteroidal
anti-inflammatories and ice [43,46,47].

Figure 7. Medial tibial stress syndrome (shin splints). (A) Sagittal and

(B) axial T -weighted images through the calf demonstrate subperiosteal edema
(arrows) located along the medial aspect of the distal two-thirds of the tibia.

The underlying cortex and medullary space is normal with no edema or evidence of

a stress fracture.
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Proximal tibial metaphysis

Stress fractures involving the proximal medial
tibial metaphyseal region appear to be uncom-
mon, but are noted in two patient populations.
First, insufficiency stress fractures have been
noted in the elderly population associated with
internal derangement of the medial compart-
ment of the knee, and second, in the young run-
ning athlete there are reports of fatigue-related
stress fractures that occur in this region. Stress
changes in the proximal medial tibia are most
often seen in long-distance runners and appear
to be associated with certain intrinsic risk fac-
tors, including limb malalignment, hyper-
pronated foot and cavus deformity [38,48]. While
most cases appear to correlate to one of these risk
factors, there are reports of long distance run-
ners who develop stress fractures in this location
with no reported risk factor other than increased
activity level.

Radiographs are often normal early in the
course of injury, whereas late findings reveal
a sclerotic transverse linear density typically
located along the posterior peripheral aspect of
the proximal tibial metaphysis. Radiographic
findings are usually subtle, even in advanced
cases. MRI will demonstrate diffuse marrow
edema throughout the medial tibial metaphysis
with an ill-defined irregular linear transverse
low-signal intensity abnormality that is typically
located along the posterior and peripheral aspect
of the proximal medial tibial metaphysis. MRI
is an excellent tool for identifying the extent of
stress fracture and in detecting the presence of
stress-related changes long before radiographs
show any detectable abnormality [48]. Patients
with proximal medial tibial stress fracture can
present with a confusing clinical picture and
are often suspected of having either internal
derangement of the knee or distal pes anser-
ine tendinosis/bursitis. MRI is capable of dif-
ferentiating between these separate entities

(SurPLEMENTARY FIGURE 9) [38].

W Tibial shaft

The tibial shaft is the most common site for
stress fractures in runners and while stress
fractures can occur in nearly any location
along the shaft of the tibia, they most often
occur along the posteromedial cortex in the
region of the compressive trabeculae [30.49,50].
Appropriate history and clinical examination
is important in establishing the correct diag-
nosis. Individuals typically complain of insidi-
ous onset of pain, worsened with activity and
relieved with rest. Pain is usually localized to
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the area of the stress fracture and history often
reveals risk factors such as an abrupt increase
in training or components of the female athlete
triad. As the stress-related injury progresses,
pain becomes more severe, occurring earlier in
the course of the activity and persisting longer
after cessation of activity. Physical examination
will reveal point tenderness over the fracture
site and the presence of redness or swelling may
be observed [43].

As is typical for most stress fractures, radio-
graphs will be normal during the first 2-3 weeks
of symptoms. Radiographic abnormalities will
first appear at the site of palpable tenderness.
Early radiographic abnormalities include a focal
area of fluffy periostitis. Development of an
actual stress fracture will eventually result in a
subtle transverse linear lucency, and long-term
radiographic findings may include a segment
of cortical thickening (SurPLEMENTARY FIGURE 10A).
Nuclear medicine bone scan will demonstrate
a focal area of increased uptake and the afore-
mentioned grading system can be used to
determine the extent of injury and to aid in
directing therapy (SurPLEMENTARY FIGURE 10B). Early
in the course of injury, MRI will show subtle
increased T, signal on short TT inversion recov-
ery or T -weighted images with fat saturation.
As the stress response progresses, the marrow
signal becomes more diffuse with an abnormal
T,-weighted signal developing. Eventually, a
low-signal intensity line will become evident
(SuPPLEMENTARY FIGURE 11).

Two types of mid-tibial shaft fractures
deserve special attention. A stress fracture
involving the anterior cortex of the middle
third of the tibial shaft is particularly prob-
lematic (SurPLEMENTARY FIGURE 12). These fractures
appear to have a higher association with jump-
ing activities rather than running and have
been described in activities such as hurdling,
basketball and ballet [51-53]. Stress fractures of
the anterior tibial cortex are notoriously dif-
ficult to detect on conventional radiographs.
When abnormal, radiographs will reveal a sub-
tle transverse linear lucency within the anterior
cortex, sometimes referred to as the ‘dreaded
black line’ 8,43,51. MRI should be performed
early in the evaluation of a suspected anterior
tibial cortex lesion. The combination of ten-
sile forces and hypovascularity of this portion
of the tibia places these fractures at particular
risk for delayed union or nonunion. Avascular
necrosis may develop at the site of the frac-
ture. Radiographs and MRI may show sclerotic
margins on either side of a persistent transverse
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fracture involving the anterior tibial cortex, but
periosteal new bone formation (callous) is often
absent. While most fractures of the compres-
sive side of the tibia respond very well to rest,
anterior tibial cortex (tensile) stress fractures
often require rest for up to 4—6 months and,
if nonunion develops, more aggressive therapy
is often required, which may include external
electrical stimulation, excision of the fracture
followed by bone grafting and intramedullary
nailing [23).

The second subset of the tibial shaft stress
fracture that deserves special attention is the lon-
gitudinal stress fracture (SurPLEMENTARY FIGURE 13).
This is an unusual tibial stress fracture that
rather than extending transverse to the long
axis of the tibial shaft extends longitudinally
along the long axis of the tibia (s4]. The frac-
ture typically involves either the anterior or the
posterior cortex and extends several centimeters
in length. The fracture is difficult to detect on
radiographs, but is easily identified on CT and
MRI. A linear area of cortical disruption is
visualized on multiple sequential axial sections
located along either the anterior or posterior
cortex. MRI has the advantage of demonstrat-
ing marrow edema and subperiosteal edema
that typically extends several centimeters in
length paralleling the longitudinal fracture with
soft tissue edema often located within the over-
lying musculature [ss]. Those unfamiliar with
the longitudinal stress fracture of the tibia can
easily misinterpret the long segment of abnor-
mality on either MRI or bone scintigraphy as
an aggressive osseous lesion and miss the true
nature of this lesion.

A stress fracture of the medial malleolus is an
unusual tibial stress fracture that is most often
seen in runners or jumping athletes. Patients
present with medial ankle pain that is exacer-
bated by activity and insidious in onset. The
patient is tender to palpation over the medial
malleolus. The fracture is typically vertical
or obliquely oriented arising at the junction
of the medial tibial plafond and the medial
malleolus [s6]. Radiographs are often normal
early in the course of injury. MRI best depicts
the area of marrow edema and an obliquely
oriented low-signal intensity line extending
from the medial tibial plafond into the medial
malleolus (Ficure 8). This is considered a high-
risk injury as the shearing forces across this
region of the ankle can lead to fracture com-
pletion and nonunion [23]. Long-standing cases
or development of nonunion will require fixa-
tion with cancellous screws and possible bone
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Figure 8. Stress fracture of the medial
malleolus of the tibia in a 29-year-old male
runner. Coronal T,-weighted image through
the ankle shows an incomplete nondisplaced
fracture of the medial malleolus of the distal
tibia. The fracture extends from the medial
tibial plafond into the medial malleolus (arrow)
with surrounding marrow edema.

Courtesy of James Linklater (Castlereagh Sports
Medicine Imaging, Crows Nest, Australia).

grafting [s7]. Stress fractures can also occur
in the subchondral bone of the distal tibia

(SUPPLEMENTARY FIGURE 14) .

Fibula

Stress fractures of the fibula are unusual but,
when they occur, are most often seen in high-
end athletes and, in particular, long distance or
marathon runners. They may be seen in asso-
ciation with stress fractures of the tibia. Most
fibular stress fractures occur in the region of
the distal shaft and have radiographic and MRI
appearances similar to tibial stress fractures

(SuPPLEMENTARY FIGURE 15).

Tarsal bones

In runners, stress fractures of the tarsal bones
are second in frequency only to the tibia and
metatarsals [5,58]. Therefore, there should be a
high index of suspicion for osseous stress inju-
ries in the runner who presents with hindfoot
or ankle pain. The anatomy of the foot and
ankle is complex and clinical presentations
can overlap between patients who present with
osseous changes versus soft tissue overuse inju-
ries. Imaging often plays a vital role in deter-
mining the injured structure and the source of
pain. While many of the osseous stress injuries
at the level of the hindfoot and ankle are treated
conservatively, there are a few that are consid-
ered high-risk fractures. These include the talus,

Imaging Med. (2010) 2(4)

tarsal navicular and base of the fifth metatarsal,
which may require aggressive therapy to prevent
significant complications [23]. During the early
stages of injury radiographs are usually normal,
while MRI often shows nonspecific ill-defined
marrow edema. In runners with foot and ankle
pain, MRI may demonstrate widespread mar-
row edema within several bones. Once a stress
fracture develops, MRI will show a focal linear
area of low-signal abnormality surrounded by
extensive marrow edema. A well-documented
clinical history and physical examination will
help accurately identify an early stress fracture.
Knowledge of the typical location of stress frac-
tures in the ankle and hindfoot will also aid
in the detection of these lesions on radiographs
and MRI.

Stress fractures of the calcaneus usually
present with heel pain and can be difficult to
differentiate clinically from plantar fasciitis.
Therefore, imaging can play an important role
in establishing the correct diagnosis. The cal-
caneus is the largest of the tarsal bones and is
composed of a thin rim of cortical bone sur-
rounding cancellous bone, which comprises
the majority of the bone. As a result, radio-
graphic imaging will demonstrate the typi-
cal appearance of cancellous stress response,
which is an ill-defined linear sclerotic density
oriented perpendicular to the normal trabecu-
lae (SurPLEMENTARY FIGURE 1B). The sclerotic density,
which represents endosteal new bone formation
in response to the abnormal stress, is typically
located in the posterior calcaneal process and is
vertically oriented. MRI will typically show dif-
fuse marrow edema adjacent to the stress frac-
ture (SupPLEMENTARY FIGURE 16). While the majority of
calcaneal stress fractures occur in the posterior
process, they can also occur in the middle and
anterior portions of the calcaneus [59]. In addi-
tion, stress fractures of the calcaneus have been
reported in association with posterior subtalar
facet coalition probably resulting from abnor-
mal forces placed on the hindfoot as a result of
the coalition [60]. Patients with calcaneal stress
fractures in the absence of coalition typically
respond well to conservative therapy.

Cuboidal stress fractures are less common
than calcaneal stress fractures and typically
present with lateral foot/ankle pain and may
mimic lateral collateral ligament or peroneal
tendon pathology. They most commonly occur
in military recruits and runners. Stress fractures
of the cuboid are difficult to detect on radio-
graphs. The cuboid is composed primarily of

cancellous bone and, therefore, when visualized,
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the stress fracture will appear as a sclerotic den-
sity perpendicular to the normal trabeculae.
On MRI, marrow edema is the most common
finding early in the injury process with an ill-
defined low-signal intensity line seen within the
medullary space once an actual stress fracture
develops (SuppLEMENTARY FIGURES 17 & 18) [61]. The
cuboid, similarly to the calcaneus, responds well
to conservative treatment.

Stress fractures of the talus are rare but can
occur in various locations throughout the
talus, including the lateral talar process, the
subchondral region of the talar dome, poste-
rior talar process, talar neck and subchondral
region of the talar head (SuPPLEMENTARY FIGURE 19).
Talar stress fractures are considered high risk
as they have a propensity to experience delayed
or suboptimal healing [23,62]. Subchondral stress
fractures may progress to cortical collapse and
subsequent osteoarthritis, with this complica-
tion reported in roughly half of all patients with
talar stress fractures with middle-term follow-
up (SupPLEMENTARY FIGURE 20) [63]. Stress fractures of
the cuneiforms have also been reported, and
appear to have an association with plantar fascia
injury, large body habitus and either excessive
training or onset of a new training regimen [64].

Stress fractures of the tarsal navicular bone
were once considered rare, but are now being
recognized with increasing frequency and
represent a high-risk stress fracture that can
result in catastrophic complications when the
diagnosis is delayed [65]. These stress fractures
occur primarily in long-distance runners and
in elite athletes. The signs and symptoms are
often nonspecific; this, coupled with the fact
that radiographs are typically normal early in
the injury process, often leads to a significant
delay in diagnosis, many weeks or even months
after the onset of symptoms [9.66]. A high
degree of clinical suspicion coupled with an
appropriate imaging strategy will allow for the
earliest possible diagnosis and ensure optimal
clinical outcome.

Patients typically present with vague insidi-
ous onset of midfoot pain, exacerbated by
running. The pain initially improves with
rest but, over time, becomes more constant
and severe. Point tenderness is often detected
overlying the fracture site. Local redness and
swelling may occasionally be observed. The
fracture is most often located within the cen-
tral third of the tarsal navicular bone origi-
nating at the proximal articular surface. As
the fracture progresses, it extends towards the
distal articular surface, eventually leading to
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a complete fracture with displacement of the
fracture fragments, which can result in a disa-
bling secondary osteoarthritis of the midfoort,
preventing return to preinjury activity level.
Risk factors include a short first metatarsal
combined with a relatively long second meta-
tarsal. Tarsal navicular stress fractures often
occur in conjunction with stress fractures of the
second or third metatarsal shaft. Radiographs
are typically normal at an early stage, while
late findings include a linear lucency located
in the proximal aspect of the central third of
the navicular bone with or without surround-
ing sclerosis (Fieure 94). Bone scintigraphy will
demonstrate increased uptake within the tarsal

Figure 9. Stress fracture of the tarsal navicular. (A) Anteroposterior radiograph
shows an incomplete linear lucency extending to the proximal articular surface of

the tarsal navicular bone, indicating an advanced stress fracture (arrows).

(B) CT image through the long axis of the midfoot shows a linear lucency (arrow)

extending to the proximal articular surface with adjacent sclerosis. (C) Axial

T,-weighted image shows the stress fracture (arrow) with adjacent marrow edema.
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navicular bone [¢7]. CT and MRI are equally
beneficial in detecting and determining the
extent of the actual stress fracture but MRI
may show marrow edema in early cases prior to
development of a discrete fracture line (Ficure 9B
& 9C) [9.68]. Tarsal navicular stress fractures
detected early are often initially treated with
conservative therapy to include limitation of
activity, possibly with cast immobilization
and nonweight bearing. Extensive fractures or
those that do not respond appropriately to con-
servative measures may require internal fixa-
tion with a compression screw. Cross-sectional
imaging will demonstrate complications such
as nonunion of the fracture, avascular necro-
sis of fragments and secondary osteoarthritis
(SuPPLEMENTARY FIGURE 21). Imaging ﬁndings on MR
and CT often lag many months behind clinical
improvement in patients with tarsal navicular
stress fractures [9].

Metatarsals

Fractures of the metatarsals are common
amongst runners and military recruits with the
most common location for the fracture occur-
ring at the mid-shaft or neck of the second
or third metatarsal. These fractures are typi-
cally transverse in orientation. Stress fractures
occurring at the base of the fifth metatarsal
have been shown to occur more commonly in
basketball players and typically occur approx-
imately 1.5 cm distal to the proximal tip of
the fifth metatarsal. These fractures typically
begin along the lateral cortex and progress
medially until the fracture goes on to comple-
tion. Stress fractures at the base of the fifth
metatarsal are considered high-risk fractures
and often undergo poor or delayed healing sec-
ondary to the relative avascularity of this area
of bone. Another contributing factor is the pull
of the peroneus brevis tendon inserting on the
base of the fifth metatarsal, which can place a
separating force across the fracture site.

Early radiographs are typically normal, but
within a few weeks after onset of symptoms,
radiographs may demonstrate a transverse lin-
ear lucency. As the fracture progresses, it may
become complete with subtle displacement
of the fracture fragments. In more chronic
injury, fluffy periosteal new bone will be seen
surrounding the fracture with eventual corti-
cal remodeling. Bone scans will demonstrate
increased uptake at the level of abnormality.
MRI has been demonstrated to show marrow
edema early in the course of stress changes and

it has been suggested that the use of MRI can

Imaging Med. (2010) 2(4)

play a role in prevention of metatarsal stress
fractures in collegiate basketball players and
other athletes prone to these injuries, thus
diagnosing injury early and minimizing time
away from the Sport (SurPLEMENTARY FIGURE 22) [69].
Late findings with MRI will show a trans-
verse low-signal intensity line at the location
of the fracture with eventual periosteal new
bone formation and adjacent cortical thick-
ening (SUPPLEMENTARY FIGURE 23). Marrow edema
may also be noted in additional locations of
the forefoot or midfoot, indicating subclinical
areas of early stress injury. Soft tissue edema
is often identified within the soft tissues of
the forefoot adjacent to the stress fracture.
The majority of metatarsal stress fractures are
treated with conservative measures of suspen-
sion of activity or nonweight bearing casts.
Nonunion at the base of the fifth metatarsal
will appear on radiographs or CT as a per-
sistent transverse lucency with sclerotic mar-
gins on either side of the fracture and non-
union may require internal fixation with bone
grafting (SuPPLEMENTARY FIGURE 24) [2].

Phalanges & sesamoides
Stress fractures of the proximal phalanx of the
great toe are rare and appear to be associated
with anatomic malalignment of the foot. These
stress fractures occur most commonly along the
medial aspect of the base of the phalanx near
the attachment of the medial collateral liga-
ment of the first metatarso—phalangeal joint
and at the attachment site of the abductus
tendon. The stresses of these structures are
increased in patients with hallux valgus, which
results in a bowstringing effect of the exten-
sor hallux longus tendon resulting in increased
shearing forces at the medial aspect of the base
of the proximal phalanx [70]. These fractures,
while rare, appear to occur in exercises that
involve sprinting, jumping and standing on
ones tip-toes and show a strong association
with underlying hallux valgus deformity (70.71].
Radiographs will show an obliquely oriented
lucency extending through the medial aspect
of the base of the proximal phalanx and often
extend to the proximal articular surface. If
the fracture progresses to completion, treat-
ment will typically require open reduction and
internal fixation with good results reported [70].
The hallucal sesamoidal complex contains
two separate sesamoid bones, the medial (tib-
ial) sesamoid is the larger of the two and is
embedded within the medial head of the flexor
hallucis brevis tendon and typically directly
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underlies the first metatarsal head. The lateral
(fibular) sesamoid is the smaller of the two sesa-
moids and is embedded within the lateral head
of the flexor hallucis brevis tendon. The unique
anatomy of the hallucal sesamoidal complex
helps to disperse excessive forces that occur
across the first metatarso—phalangeal joint,
which can occur during the push-off phase of
the gait, thus providing protection to the first
metatarsal head. Athletes who are exposed to
excessive running, jumping or forced dorsiflex-
ion of the forefoot are at risk of stress fracture
of the sesamoids. While either sesamoid can
develop a stress fracture, they occur much more
commonly within the medial sesamoid, which
directly underlies the first metatarsal head,
while the lateral position of the fibular sesam-
oid will allow it to slip between the first and
second metatarsal heads during forced dorsi-
flexion, affording a degree of protection to the
fibular sesamoid.

Radiographs may demonstrate a focal lin-
ear lucency usually vertically oriented with or
without adjacent sclerosis. In chronic cases,
the fracture may progress to completion with
resultant separation of the fragments. Bone
scan will demonstrate focal uptake within the
abnormal sesamoid. In the early stress injury,
MRI will show isolated edema within the sesa-
moid (SurPLEMENTARY FIGURE 25). More advanced
cases will show a low-signal intensity line, ver-
tically oriented with eventual fragmentation
and separation of fracture fragments (Ficure 10).
Sesamoidal stress fractures are considered high
risk as they have a tenuous blood supply and
can progress to avascular necrosis. Avascular
necrosis will appear as fragmentation with
increased density within the nonvascularized
fragments (SurPLEMENTARY FIGURE 26). A bipartite—
appearing medial sesamoid can occur in up to
30% of cases and can usually be differentiated
on the basis of smooth -well corticated margins
of the bipartite sesamoid (SUPPLEMENTARY FIGURE 27).
Bipartite sesamoids usually present bilaterally
and are similar in appearance. Therefore, bilat-
eral radiographs may aid in initial evaluation.
In questionable cases, nuclear scintigraphy
or MRI can be used to evaluate for increased
uptake or the presence of marrow edema in
abnormal sesamoids [72].

Conclusion

Imaging plays a vital role in the evaluation of
suspected stress-related osseous injuries in the
running athlete. Radiographs are often normal
at the time of initial presentation and a high
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Figure 10. Stress fracture tibial sesamoid.
(A) Sagittal T.- and (B) T,-weighted images
through the forefoot demonstrates a vertical
stress fracture (arrows) through the

tibial sesamoid.

index of suspicion is required to proceed to
appropriate imaging using MRI or nuclear scin-
tigraphy. Knowledge of the various stress injuries
will aid in the early detection and treatment thus
preventing progression to more serious injury
in the high-risk stress fractures. Early detection
and diagnosis is also important in minimizing
recovery time and limiting loss of playing time
in various sports that require running.

Future perspective

Early studies show promise in the utilization
of MRI in the detection of early subclinical
stress- related injuries, which can be used to
alter training and activity levels in an attempt
to prevent injury. In the future, imaging may be
utilized to screen for subclinical injury in high-
performance athletes in an attempt to prevent
debilitating injury and loss of playing time.
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Executive summary

Osseous stress injuries

= Fatigue causes fractures that occur in normal bone secondary to rigorous physical activity or training, most common in athletes and
military recruits.

= Insufficiency causes fractures that occur in bone of decreased mineralization or abnormal elasticity resulting from activity of daily living.

= Pathologic causes fractures that occur secondary to an underlying lesion such as a tumor or infection.

Imaging of stress injuries

= Radiographs are typically normal during the first 2 weeks of pain. In cortical bone, radiographs demonstrate a cortical lucency
perpendicular to the long axis of the bone. In cancellous bone, radiographs demonstrate an ill-defined sclerotic density within the
medullary space.

CcT

= Plays a limited role with regard to imaging stress fractures, but is useful in the evaluation of certain fractures and in differentiating a
stress fracture from an osteoid osteoma.

Bone scintigraphy

= Excellent sensitivity for detecting stress changes of bone, but decreased specificity when compared with MRI. A four-point grading scale
is used to determine extent of stress injury and to predict healing time.

MRI

= Improved sensitivity and specificity over nuclear scintigraphy with regard to detecting most osseous stress injuries. Marrow edema is an
early finding with a low-signal intensity line seen in more advanced injury.

High-risk stress fractures

= Fractures that demonstrate a high complication rate if diagnosis or treatment is delayed or inadequate. Usually associated with tensile
forces or poor blood supply of the involved bone.

= High-risk stress fractures include lateral femoral neck, patella, anterior tibial cortex, medial malleolus, talus, tarsal navicular, fifth
metatarsal base and sesamoids of the great toe.

Future perspective

= Early studies show promise in the utilization of MRI in the detection of early subclinical stress-related injuries, which can be used to alter
training and activity levels in an attempt to prevent injury.

= In the future, imaging may be utilized to screen for subclinical injury in high-performance athletes in an attempt to prevent debilitating
injury and loss of playing time.
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