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Management and Prevention of Bone
Stress Injuries in Long-Distance Runners

umans

are structurally and physiologically
developed for long-distance running, which likely
evolved during our time as hunters and gatherers.
Although theability to huntand gatherisnolonger
an evolutionary requirement, many people continue to

run long distances today to take advantage of the well-known health
and wellness benefits of endurance exercise. Unfortunately, distance

running also carries the risk of developing
overuse injuries, which in bone consist of
bone stress injury (BSI). A BSI represents
the inability of bone to withstand repeti-
tive mechanical loading, which results
in structural fatigue and localized bone
pain and tenderness. Bone stress inju-

® Bone stress injury (BSI) repre-
sents the inability of bone to withstand repetitive
loading, which results in structural fatigue and
localized bone pain and tenderness. A BSI occurs
along a pathology continuum that begins with a
stress reaction, which can progress to a stress
fracture and, ultimately, a complete bone fracture.
Bone stress injuries are a source of concern in
long-distance runners, not only because of their
frequency and the morbidity they cause but also
because of their tendency to recur. While most
BSls readily heal following a period of modified
loading and a progressive return to running activi-
ties, the high recurrence rate of BSIs signals a
need to address their underlying causative factors.
A BSl results from disruption of the homeostasis
between microdamage formation and its removal.
Microdamage accumulation and subsequent

risk for development of a BSI are related both

to the load applied to a bone and to the ability

of the bone to resist load. The former is more

ries occur along a pathology continuum
beginning with stress reactions, which
can progress to stress fractures and, ul-
timately, complete bone fractures. The
purpose of this commentary is to discuss
management and prevention options for
BSIs in runners. In doing so, information

amenable to intervention and may be modified by

interventions aimed at training=program design

Similarly, malalignments

and abnormal movement patterns should be
explored and addressed. The current commentary
discusses management and prevention of BSIs in
runners. In doing so, information is provided on the
pathophysiology, epidemiology, risk factors, clini-
cal diagnosis, and classification of BSls.
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® female athlete triad, rehabilita-
tion, risk factors, stress fracture, stress reaction

is provided on the pathophysiology, epi-
demiology, risk factors, clinical diagnosis,
and classification of BSIs.

PATHOPHYSIOLOGY OF BSI

BSI remains somewhat speculative;
however, there is growing consensus
that it involves an imbalance between
load-induced microdamage formation
and its removal. A theoretical model is
presented in FIGURE 1. The skeleton is ex-
posed to mechanical loading during run-
ning, which causes bones to deform. The
amount of deformation depends on the
load magnitude and ability of bone to re-
sist deformation, and is often expressed
as strain. Strain refers to the change in
length per unit length of a bone. It is a
unitless value; however, because it is
small for bone, it is often expressed as
microstrain (ue). Attachment of strain
gauges to the tibia in select individuals
has demonstrated compressive and ten-
sile bone strains of 417 to 2456 e during
running.! While the safety factor between
these strains and those required to break
cortical bone in tension is large (7300
ue),5 strains below the level required for
fracture are capable of generating micro-
scopic damage (termed microdamage)
(FIGURE 2A).
Microdamage formation is thresh-
old dependent, with the threshold for
its formation depending on the interac-
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FIGURE 1. Proposed pathophysiology of BSIs. Abbreviation: BSI, bone stress injury. Reproduced from Warden et al,"® with kind permission from Springer Science and Business

tion between the number of bone strain
cycles, strain magnitude, and the speed at
which strain is introduced (strain rate).
Once the threshold for microdamage has
been surpassed, further increases in bone
strain cycles, magnitude, and/or rate re-
sult in additional damage. The damage
is a natural and useful phenomenon, as
it not only helps dissipate energy that
may create a fracture but also serves as a
stimulus for targeted remodeling (FIGURE
2B). Targeted remodeling refers to site-
specific remodeling targeted on areas
of damage (possibly via osteocyte apop-
tosis®), which contrasts the hormonally
driven nontargeted (stochastic) remod-
eling responsible for releasing calcium
into the circulation.?® Targeted remod-
eling involves activation of remodeling
units, consisting of an advancing front of

bone-resorbing osteoclasts followed by
rows of bone-forming osteoblasts. The
osteoclasts tunnel toward and remove
the damaged tissue, whereas the trailing
osteoblasts deposit layers of new bone to
create a new bone structural unit. Tar-
geted remodeling maintains homeostasis
between microdamage formation and its
removal to preserve skeletal mechanical
competence, as well as reduces tissue age
and enables bone to adapt over time to
meet changing demands. The adaptation
effectively decreases bone strain for a giv-
en load,9?° so that greater loads can be
tolerated before surpassing the threshold
for microdamage formation.
Remodeling normally removes dam-
age approximately as fast as it occurs, and
a reserve of additional remodeling units
can be activated in response to increased

microdamage formation. Thus, changes
in loading that result in an increase in
bone strain cycles, magnitude, and rate
can generally be tolerated. However, re-
modeling is time dependent, and the time
required to reach a new equilibrium fol-
lowing a disturbance is in the order of
1 remodeling period, which is approxi-
mately 3 to 4 months in cortical bone.*
If insufficient time is given to adapt to a
new mechanical stimulus, progressively
more damage may form as a result of a
positive feedforward loop between re-
modeling and damage formation. The
feedforward loop results from the fact
that resorption precedes formation in the
remodeling process, so that an increase in
the number of currently active remodel-
ing units results in a localized reduction
in bone mass. The net result is a local-
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FIGURE 2. Bone microdamage and targeted remodeling. (A) A microcrack is visible in this basic fuchsin-stained
histological section of cortical bone. A stimulus (possibly osteocyte apoptosis) has triggered targeted remodeling
by a remodeling unit that is advancing toward the damage from a nearby Haversian canal. Reproduced from
Warden et al,"” with permission. Copyright © 2009 Elsevier. (B) Schematic representation of part of a remodeling
unit performing targeted remodeling. A microcrack has activated osteoclast precursors to differentiate and form an
advancing resorptive front of osteoclasts that tunnel toward the microcrack to remove the damage. The resorbed
bone is subsequently replaced with osteoid (unmineralized bone matrix) by bone-forming osteoblasts, which is
subsequently mineralized over time to form new bone. Osteoblasts that get trapped in the new bone turn into
osteocytes, whereas those on the bone surface turn quiescent to become new bone-lining cells. Reproduced from
Canalis et al,?! with permission from Massachusetts Medical Society. Copyright © 2007 Massachusetts Medical

ized reduction in the energy-absorbing
capacity of the bone, which potentiates
further damage formation. Accumulat-
ing microdamage may coalesce to initi-
ate the BSI pathology continuum, which
includes stress reactions, stress fractures,
and, ultimately, complete fracture. Stress
reactions are characterized by increased
bone turnover associated with periosteal
and/or marrow edema, whereas stress
fractures have the addition of a discern-
ible fracture line.

EPIDEMIOLOGY OF BSI

S THE PATHOPHYSIOLOGY OF BSI

involves repetitive mechanical

loading, it is not surprising that
it frequently occurs in response to the
skeletal loading introduced during long-
distance running. Between one third and
two thirds of competitive cross-country
and long-distance runners have a history
of BSL,"*%* and the 1-year prospective inci-
dence of BSI in competitive cross-country

and track-and-field athletes ranges from
4.9% to 21.1%.">1® Of particular con-
cern is the high recurrence rate of BSI.
Half of track-and-field athletes report a
history of BSI on more than 1 occasion,
and 10.3% to 12.6% of cross-country and
track-and-field athletes with a history of
BSI sustain a subsequent BSI when pro-
spectively followed for 1 to 2 years.?*

Half of BSIs in long-distance run-
ners occur in the tibial diaphysis, with
the majority of other BSIs occurring in
the femur, fibula, calcaneus, metatarsals,
and tarsals.’®%%"3 However, BSIs in the
pelvis and lumbar spine also occur in
runners and should not be overlooked.
The exact location of BSI development
depends on how the individual loads his
or her skeleton, with different running
biomechanics influencing which bones
are preferentially loaded and where
strains occur within those bones. As an
extreme example, long-distance runners
typically use a rearfoot strike (RFS) pat-
tern to preferentially load long bones
(tibia, fibula, femur), whereas sprinters
use a forefoot strike (FFS) pattern to
introduce relatively greater loads to the
bones of the feet. As a result of the differ-
ential bone loading, distance runners are
at a greater risk of developing long-bone
BSIs, whereas sprinters are more prone
to BSIs of the tarsals and metatarsals.’®
Ultimately, BSIs can occur in any bone
region and should be considered in the
differential diagnosis of all overuse inju-
ries in distance runners.

RISK FACTORS FOR BSI

O PREVENT BSI IN RUNNERS AND TO

develop appropriate management

strategies when it does occur, an
appreciation of contributing risk factors
is required. Ideally, risk factors should be
identified using prospective study designs
that follow individuals longitudinally to
determine which features assessed at
baseline contribute to BSI development.
However, it is very challenging to pro-
spectively study BSI risk factors, as large
numbers of individuals need to be fol-

JOURNAL OF ORTHOPAEDIC & SPORTS PHYSICAL THERAPY | VOLUME 44 | NUMBER 10 | OCTOBER 2014 | 751



Downloaded from www.jospt.org at on January 12, 2015. For personal use only. No other uses without permission.

Copyright © 2014 Journal of Orthopaedic & Sports Physical Therapy®. All rights reserved.

Journal of Orthopaedic & Sports Physical Therapy®

lowed over lengthy periods to generate
a sufficient number of BSIs for adequate
statistical power. Large prospective stud-
ies have been performed in the military,
where recruits present a captive audience
and BSIs are more frequent, but similar
studies in runners are rare. A popular
alternative approach has been to use a
retrospective, cross-sectional study de-
sign in which runners with a history of
BSI are compared to matched controls.
While cross-sectional studies have pro-
vided useful supplemental information
regarding potential risk factors for BSI,
they are limited in their ability to estab-
lish causal relationships.

Given the inherent difficulty in estab-
lishing risk factors for BSI in runners,
many potential contributing factors re-
main unproven. However, considering its
microdamage-centric pathophysiology,
BSI can for the most part be viewed as oc-
curring when the mechanical stimulus at
a specific bone site is elevated beyond the
threshold for microdamage formation.
While the absolute threshold for micro-
damage formation is somewhat nebu-
lous, microdamage forms in response to
increasing bone strain magnitudes, rates,
and cycles. As bone strain is dependent
on the interaction between the load ap-
plied to a bone and the ability of the bone
to resist deformation, risk factors for BSI
can be grouped into 2 categories: factors
modifying (1) the load applied to a bone
and (2) the ability of a bone to resist load
without damage accumulation (FIGURE 3).

Factors Modifying the Load

Applied to a Bone

The load applied to a bone during run-
ning represents the summation of exter-
nal and internal forces, the components
of which are magnitude, rate, frequency,
duration, and direction. These compo-
nents influence, respectively, the mag-
nitude, rate, frequency, duration, and
location of bone strain. Unfortunately,
it is not currently possible to precisely
measure the total load being applied to
a bone, although subject-specific mus-
culoskeletal models are being developed

[ CLINICAL COMMENTARY ]

Factors modifying the load applied to a bone:

« Biomechanical factors (including ground
reaction force magnitude and rates,
segment acceleration/shock, anthro-
pometry/alignment, running-gait
kinematics)

« Training factors (including duration and
frequency of training sessions, and
running intensity/speed)

* Muscle strength and endurance

« Training surfaces and terrain

« Shoes and inserts (orthoses and insoles)

v

| Bone loading |

l«

| Bone strain |

Bone mass
and structure

Factors modifying the ability of bone
to resist load:

* Genetics

« Diet and nutrition (including eating
behaviors, and caloric, calcium, and
vitamin D intake)

« Endocrine status and hormones (including
age of menarche and menstrual status)

« Physical activity history

* Bone diseases

» Medications influencing bone (including
glucocorticoids and anticonvulsants)

FIGURE 3. Risk factors for BSIs. Abbreviation: BSI, bone stress injury.

for this purpose. In the absence of an
available measure of total bone load-
ing during running, surrogate measures
have been utilized, including measuring
(1) bone strains by invasively attaching
a strain gauge to a bone of interest, (2)
bone acceleration (often referred to as
shock) using an accelerometer, and (3)
ground reaction forces (GRFs) obtained
with a force platform. While each of these
methods has limitations in defining the
total load being applied to a bone, they
have provided insight into the factors
that influence BSI risk.

Biomechanical Factors Faulty biome-
chanics can contribute to BSI risk and
can be divided into those related to ab-
normal forces and those related to ab-
normal motions. Increased forces on a
normally aligned lower extremity can
result in abnormal bone loading. Alter-
natively, normal forces applied to a mal-
aligned lower limb can also abnormally
load the skeleton. Having the combina-
tion of abnormal forces coupled with a

malaligned lower limb is thought to fur-
ther amplify BSI risk.

Runners with abnormal loading
(high GRF magnitudes and rates, and

accelerations  d il el smatad] CE

phase of runnins sait) are proposed to
be at heightened risk of BSI. While vari-

able evidence supports the magnitude
of GRF impact peak as a discriminator
between those with and without a BSI
history,'0-29948657 individuals with a BSI
history have greater GRF loading rates
and peak accelerations.®”° Similarly, a
preliminary prospective study by Davis
et al®? suggested that subjects who sus-
tained a BSI had higher peak acceleration
and vertical GRF loading rates prior to
injury than matched controls. Torsional
loads have also been associated with BSI
history. Milner et al®*® reported signifi-
cantly higher free moments in runners
with a history of tibial BSI.

Abnormal movement patterns can
also increase the risk of BSI. Static align-
ment is likely to influence movement
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patterns and has been implicated in BSI
development. For example, Williams et
al*»"* demonstrated that _high-arched
individuals exhibited reduced joint ex-

cursions and higher stiffness, and had a
“greater Mistory of Bol. Other static vari-
ables reported to be related to BSI in-
clude increased external rotation range

of moTION Or the NP, 1eg-lengen. ais-
crepancy,15 pes p|anus,111 and pes cavus.*7

Individuals with a history of a BSI have

duction, knee internal rotation, and peak

rearfoot eversion in the frontal plane
during running,®”$%1°° and may have less
knee flexion in the sagittal plane.®” Thegg
movement patterns have the potential to
alter the magnitude and/or rate of bone
loading. They may also alter the direc-
tion in which a bone is loaded and the
subsequent distribution of strain within
the bone. The net result may be increased
loading of a less-accustomed bone site.

Training Factors Chronic introduction
of high absolute load magnitudes, rates,
and accelerations may reduce bone fa-
tigue life, particularly when the number
of loading cycles is high (ie, running long
distances). However, the influence of
these variables may be most prominent
when runners attempt to progress their
training. Increases in running speed in-
crease GRFs and rates of introduction
during heel-toe running gait,”® whereas
increases in the duration and/or fre-
quency of running sessions increase the
total number of bone-loading cycles. In
the absence of a change in the load-bear-
ing capacity of a bone, altered loading
associated with large changes in train-
ing may contribute to microdamage ac-
cumulation and the generation of a BSI.
There is evidence from military studies
that individuals exposed to large chang-
es in physical activity have heightened
risk of BSI. For instance, recruits with a
lesser history of regular physical activity
prior to the commencement of standard-
ized basic training (ie, those with larger
changes in physical activity levels) are at
a greater risk of developing BSI.2790:7284106
Although most athletes do not introduce

changes in their running program and
consequent bone-loading environment
as extreme as those of military recruits,
change is a frequent and required means
of adaptation to achieve personal and
competitive goals. Incrementing a run-
ning program too rapidly or frequently
relative to a runner’s usual activities is
thought to be central to disrupting the
balance between bone microdamage for-
mation and removal.

Muscle Factors Training changes may
independently contribute to BSI devel-
opment, but the relative risk associated
with the change may be compounded by
muscle factors. An intimate mechanical
relationship exists between muscle and
bone, and it is hypothesized that muscle
is protective rather than causative of
BSI. During impact loading, muscle is
believed to act as an active shock attenu-
ator, helping to reduce loads as they are
transmitted proximally along the kinetic
chain. When muscles are dysfunctional
(weakened, fatigued, or altered in their
activation patterns), their ability to at-
tenuate loads becomes compromised,
potentially leading to increased loading
on the skeleton. For instance, fatigue in
laboratory studies caused a decrease in
shock attenuation,®>®* an increase in GRF
loading rates and peak accelerations,?59°
and an increase in bone strain magnitude
and rate.*?* In addition, fatigue can lead
to altered kinematics,** which may alter
the direction in which a bone is loaded,
resulting in increased bone strain at less-
accustomed bone sites.”?* Further sup-
porting the protective role of muscle in
BSI development are prospective clinical
studies demonstrating that BSI suscep-
tibility is directly related to muscle size
(girth and cross-sectional area)**? and
strength.>

Running Surface Bone loading and,
subsequently, BSI risk may also be influ-
enced by external factors such as running
surface. Running surface has historically
been considered a contributor to BSI
risk. Harder surfaces (eg, asphalt/bitu-
men) have been hypothesized to increase
loading compared to softer surfaces (eg,

grass, rubber, and sand). However, the
interaction between running surface and
injury risk is complex. Runners alter their
leg stiffness when running on surfaces of
differing compliance, apparently to main-
tain a constant vertical excursion of their
center of mass.*’ Leg stiffness decreases
when running on stiffer surfaces to nor-
malize, to some extent, GRF magnitude;
however, GRF loading rates do appear to
be systematically increased when run-
ning on surfaces that are less compliant.>¢
Whether the increased loading rate asso-
ciated with running on less-compliant
surfaces contributes to BSI risk remains
unclear, as large epidemiological studies
of running injuries have failed to show an
association between injuries and training
surface after controlling for weekly run-
ning distance.”®* Ultimately, what may
be important with regard to BSI risk is
whether there has been a recent change in
running surface to which the runner has
yet to become accommodated. Changes
may include increased running on (1)
less-compliant surfaces (eg, changing
from treadmill to overground running),
which may increase bone strain mag-
nitudes and rates®?; (2) very compliant
surfaces (eg, sand), which may increase
energy expenditure and influence muscle-
related risk factors and kinematics979;
(3) downhill slopes, which may decrease
shock attenuation” and increase loading
magnitudes and rates®?; and (4) altered
terrain, which may alter kinematics to
load less-accustomed skeletal sites.'*”

Shoes and Inserts The role of shoes and
inserts (orthoses and insoles) on bone
loading and BSI risk is a topic of ongo-
ing debate. Located at the foot-ground
interface, shoes and inserts act as filters
that theoretically attenuate ground im-
pact forces. In addition, they have the
potential to influence motion of the foot
and ankle and the subsequent mechanics
proximally in the kinetic chain. Via these
2 mechanisms, shoes and inserts may in-
fluence bone loading and have an effect
on BSI risk. In support, Gardner et al®
found that military recruits who trained
in shoes of advanced age (an indicator of
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possible reduced shock-absorptive capac-
ity) were at a greater risk of developing a
BSI, and a recent systematic review con-
cluded that orthoses reduced BSI risk
during military training.’®® Whether the
same benefits are observed in runners re-
mains unclear, and recent work exploring
the virtues of barefoot running has raised
questions regarding the role of shoes in
general injury prevention.”

Factors Influencing the Ability

of the Bone to Resist Load Without
Damage Accumulation

The amount and rate of strain when a
load is applied to a bone depend on fea-
tures of the applied load and also the
ability of the bone to resist deformation
in the direction of loading. For a given
applied load, less-rigid bones experi-
ence greater strain at a faster rate than
more-rigid bones and are therefore more
susceptible to microdamage and BSI for-
mation. Skeletal features that influence
bone rigidity include the amount of bone
material present (mass) and its distribu-
tion (structure), and there is strong evi-
dence that both contribute to BSI risk.
For instance, prospective studies have
confirmed that BSI susceptibility is in-
versely related to bone mass and cross-
sectional size.®9122751 While it is clear that
reduced bone mass and size are risk fac-
tors for BSI, it is important to consider
modifiable factors that may contribute
to these skeletal characteristics. Three
modifiable factors in runners that may
impact the ability of bone to resist load-
ing and contribute to BSI risk are physi-
cal activity history, energy availability,
and calcium and vitamin D status.
Physical Activity History A longer his-
tory of physical activity appears to be
protective against the development of a
BSI1.27507284106 Ap jmproved ability of the
skeleton to resist loading likely contrib-
utes to the reduced BSI risk in individuals
with a prior history of physical activity.
The skeleton responds and adapts to me-
chanical loading in a site-specific manner
to increase its rigidity in the direction of
loading. It principally does this during

[ CLINICAL COMMENTARY ]

the growing years by preferentially de-
positing small amounts of new bone on
the outer periosteal surface at a distance
from the bending axes. As the rigidity of
a unit area of bone is proportional to the
fourth power of its distance from a bend-
ing axis, the addition of a small amount
of mass to the outer surface of a bone
results in a disproportionate increase
in bone strength. The net result is a de-
crease in the bone strain engendered in
response to a given load and an increase
in bone fatigue life. For instance, Warden
et al'® demonstrated using an animal
model that a relatively moderate (less
than 10%) increase in bone mass induced
by mechanical loading resulted in a large
(107-fold) increase in bone fatigue resis-
tance due to the mass being distributed
at a distance from the bending axis and
reducing bone strain.

Energy Availability Gender factors con-
tribute to BSI susceptibility, with females
being at greater risk.’* The cause for the
higher incidence of BSIs in females ap-
pears to relate to the interrelationships
between energy availability, menstrual
function, and bone mass—otherwise
known as the female athlete triad. While
runners can have one or more compo-
nents of the triad, low energy availability
appears to be the central factor.®* Low en-
ergy availability results from insufficient
dietary intake to meet exercise energy
expenditure. It can result from low di-
etary energy intake (whether inadvertent,
intentional, or psychopathological) and/
or excessive exercise energy expenditure.
While complete discussion of the female
athlete triad is beyond the scope of this
commentary and has been covered com-
prehensively elsewhere,®* the menstrual
and skeletal changes associated with low
energy availability reduce the ability of
bone to resist load and/or impair its abil-
ity to repair microdamage. The net result
is heightened BSI risk, particularly in
elite female long-distance runners, where
the difference between dietary energy in-
take and exercise energy expenditure is
often small and the incidence of men-
strual dysfunction is elevated.

Calcium and Vitamin D Status Calcium
combines with phosphate to form hy-
droxyapatite crystals to endow bone with
rigidity, whereas vitamin D contributes
by promoting calcium absorption in the
gut and reabsorption in the kidneys.
Prospective studies provide evidence for
roles of both low calcium and vitamin D
in BSIs. Studying 18- to 26-year-old fe-
male distance runners, Nieves and col-
leagues® demonstrated that women who
consumed less than 800 mg of calcium
per day had nearly 6 times the BSI rate
of those who consumed more than 1500
mg. In terms of vitamin D, Ruohola et
al’** found that male Finnish military
recruits with a serum 25-hydroxyvitamin
D concentration below a median level of
30.4 ng/mL had a greater risk for BSI.
Additional support for the role of both
calcium and vitamin D in mediating BSI
risk was provided by a randomized con-
trolled trial that demonstrated a 20%
reduction in BSI incidence in female
Navy recruits with suboptimal baseline
daily calcium intake (300 mg) when they
were supplemented with 2000 mg of cal-
cium and 800 IU of vitamin D per day.”
Overall, these data suggest that running
athletes should ensure sufficient calcium
and vitamin D intakes to meet or exceed
the currently recommended dietary al-
lowances of 1000 to 1300 mg and 600
IU (for individuals aged 14-50 years),
respectively.®©

CLINICAL DIAGNOSIS OF BSI

ASED ON OUR CLINICAL EXPERIENCE,

BSIs often present with a history

consistent with overuse injury—the
gradual onset of activity-related pain. As
BSIs occur along a pathology continuum,
signs and symptoms may vary depending
on the point in the continuum at which
the runner presents. An astute clinician
may be able to diagnose the pathology at
the stress reaction stage; however, some
patients may not present until the pathol-
ogy has progressed to a stress fracture,
where there is actual cortical disruption.
The earlier in the continuum a runner
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presents and a diagnosis is made, the
more likely it is that the pathology will
respond quickly and favorably to man-
agement. Thus, bone as the tissue of ori-
gin of a runner’s symptoms needs to be
considered at all times during differential
diagnosis to ensure prompt diagnosis and
management.

A thorough history is the first step to
the diagnosis of a BSI. In most instances,
individuals with a BSI have a consistent
and predictable history that centers on
pain. At the start of the pathology contin-
uum, pain is usually described as a mild,
diffuse ache that occurs after a specific
amount of running and at specific times
during the running gait cycle (depending
on which bone is afflicted and when it is
loaded during running gait). The pain
does not tend to resolve or “warm up” as
the run continues, and only abates once
running (bone loading) has ceased. As the
initial pain often subsides soon after run-
ning is complete and is not present during
rest, it is often ignored at first. However,
with continued training and progression
of the pathology, the pain may become
more severe and localized, and occur at
an earlier stage. It may also persist for
longer periods following the completion
of running and begin to be present during
activities that involve lower levels of bone
loading, such as walking. Eventually, the
pain may result in running restriction or
the need to cease training altogether. At
this more advanced stage, any associated
inflammatory response to the injury may
also occasionally contribute to resting
and night pain.

On physical examination, the most
obvious feature of a BSI is localized bony
tenderness. Certain bones (eg, the tibia,
fibula, and metatarsals) lend themselves
well to palpation because of their well-
defined anatomical boundaries and the
absence of overlying muscle. In these
relatively subcutaneous bones, precise
and thorough palpation is required, as
tenderness may be very localized and
adjacent areas completely pain free. Oc-
casionally, redness, swelling, and warmth
from an associated inflammatory reac-

tion may also be felt, along with perios-
teal thickening and callus formation in
longer-standing BSIs. Direct palpation
is obviously not possible at deeper sites
(eg, the femur and pars interarticularis
of the spine), with symptoms at these
sites possibly being provoked by specific
bone-loading tests, such as hopping,™ the
fulerum test for the femoral shaft,5 or the
1-legged hyperextension test for the pars
interarticularis.’® However, the sensitiv-
ity and specificity of these bone-loading
tests have either not been investigated or
are disputed.”” Likewise, the application
of a vibrating tuning fork or therapeutic
ultrasound for the clinical diagnosis of
BSIs is not supported.'*®

Ultimately, runners who display clini-
cal signs and symptoms of a possible
BSI require imaging to confirm suspi-
cions and to make a definitive diagnosis.
Detailed discussion of BSI imaging is
beyond the scope of the current com-
mentary and has been discussed in detail
elsewhere.?*9? Briefly, in most clinical set-
tings, plain radiographs remain the first
line of imaging for BSI because of their
low cost and wide availability; however,
radiographs are limited by their planar
nature and low spatial resolution, which
contribute to extremely low sensitivity.*57°
Computed tomography also lacks sen-
sitivity,*® but may be utilized in specific
cases where demonstration of a fracture
line may affect treatment. In contrast,
bone scintigraphy has high sensitivity
but is limited by low specificity®**® and
extremely high ionizing radiation doses
(equivalent to 2 years of background
radiation). Of the imaging modalities
currently available, magnetic resonance
imaging is the modality of choice because
of its superior contrast resolution, lack of
exposure to ionizing radiation, and com-
bined high sensitivity and specificity.*$7°

CLASSIFICATION OF BSI

NJURY CLASSIFICATION SYSTEMS MAY
assist in grading pathology severity and
in guiding management decisions and
determining prognosis. Numerous clas-

sification systems have been reported for
grading BSI.®> While there is no univer-
sally accepted system, most classification
systems for BSI utilize 1 or more of the
following variables: symptoms, anatomi-
cal location, and imaging appearance.

Pain is the first variable to consid-
er when classifying a BSI. It was once
thought that imaging could be used to
detect tissue changes associated with a
BSI prior to the onset of symptoms and
that early identification of these changes
might reduce time lost from participa-
tion. It is common for imaging changes
consistent with the presence of a BSI to
be detected in asymptomatic individu-
als. 1449699 However, there is general con-
sensus that imaging changes observed in
asymptomatic individuals are incidental
and of no clinical significance. For in-
stance, 43% (9 of 21) of collegiate-level
distance runners in one study exhibited
changes in the tibial diaphysis consistent
with a stress reaction, but none of the
runners went on to develop symptoms
in the succeeding 2 years, despite con-
tinuing to run at a high level.** Similarly,
others have shown that imaging findings
consistent with a BSI in asymptomatic
individuals are of no prognostic value.®9
Thus, precautionary imaging to identify
presymptomatic BSI changes does not
appear to be indicated.

In runners who show changes in im-
aging that are consistent with their symp-
toms of a BSI, the anatomical location
and imaging appearance of the pathol-
ogy are important variables. Bone stress
injuries can be dichotomized into either
low- or high-risk groups according to
their location (TABLE 1).7>'6 Low-risk BSIs
predominantly occur on the compression
side of the bone’s bending axis and have a
favorable natural history, in that recovery
occurs with a low incidence of complica-
tions and without the need for aggres-
sive intervention, such as surgery and/or
prolonged modified weight bearing. In
contrast, high-risk BSIs often occur on
the tension side of a bone’s bending axis,
and present treatment challenges that
demand specific attention because they
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Low- AND HigH-Risk BONE

STRESS INJURIES IN RUNNERS

Low Risk

High Risk

Posteromedial tibia

Fibula/lateral malleolus

Femoral shaft

Pelvis

Calcaneus

Diaphysis of second to fourth metatarsals

Femoral neck

Anterior cortex of the tibia

Medial malleolus

Talus (lateral process)

Navicular

Proximal diaphysis of the fifth metatarsal
Base of second metatarsal

Great-toe sesamoids

BoNE STRESS INJURY GRADE ACCORDING TO

MAGNETIC RESONANCE IMAGING APPEARANCE*®

Clearly visible fracture line

Grade Management

1 Periosteal surface: mild to moderate edema on T2-weighted images
Marrow: normal on T1- and T2-weighted images

2 Periosteal surface: moderate to severe edema on T2-weighted images
Marrow: edema on T2-weighted images

3 Periosteal surface: moderate to severe edema on T2-weighted images
Marrow: edema on T1- and T2-weighted images

4 Periosteal surface: moderate to severe edema on T2-weighted images

Marrow: edema on T1- and T2-weighted images

are prone to delayed union or nonunion
and/or are at high risk for progression to
complete fracture.

In addition to classifying a BSI as ei-
ther low or high risk according to ana-
tomical location, a BSI can be categorized
as either low or high grade according to
its imaging appearance. A seminal mag-
netic resonance imaging grading system
for BSIs is shown in TABLE 2,** with more
recent grading systems yielding only
slight variations. Grade 1 and 2 BSIs on
the grading system can be grouped as
low-grade BSIs, whereas grades 3 and 4
can be categorized as high-grade BSIs.*

The clinical utility of BSI grading sys-
tems may be in their prediction of recov-
ery time. As one would expect, low-grade
BSIs generally have a shorter recovery
time because they are at an earlier stage
in the pathology continuum. Using a pro-
spective study design, Nattiv et al*® re-
cently demonstrated that return-to-sport

time following low- and high-grade BSIs
was 13.1 and 23.6 weeks, respectively. Do-
brindt et al®® obtained very similar data
in their retrospective study. Interestingly,
the later study also categorized low- and
high-grade BSIs according to low and
high risk. In doing so, Dobrindt et al®®
showed magnetic resonance imaging
grade to be most prognostic in low-risk
BSIs. Low-risk/low-grade BSIs had the
most favorable outcome, with a return-
to-sport time of 8.7 weeks. In contrast,
low-risk/high-grade BSIs and all high-
risk BSIs (irrespective of grade) had a
return-to-sport time of around 20 weeks.

Combining knowledge regarding the
anatomical location and imaging grade
of BSIs provides a basis on which to for-
mulate the management strategy and
potential time to return to running. Gen-
erally speaking, BSIs at (1) low-risk sites
with a low grade have the most favorable
outcome and shortest time to return to

running; (2) low-risk sites with a high
grade need to be identified, as they can
be expected to require a longer time to
return to running; and (3) high-risk sites
need to be carefully managed and can
be expected to take longer for return to
running, regardless of grade. However, it
must be remembered that there is great
variability in the return time to running
between individuals with BSIs, even
among those with BSIs within the same
risk and grade levels. Thus, it is impor-
tant to adhere to the mantra, “Treat the
patient and not the X-ray.”®

MANAGEMENT
OF LOW-RISK BSI

OW-RISK BSIs IN RUNNERS REPRE-

sent relatively straightforward man-

agement problems in the sense that
they readily heal without complication. A
2-phase approach consisting of modified
activity followed by a gradual resump-
tion of running forms the cornerstone
of management. While the overarching
goal is to return the athlete to his or her
preinjury level of function in the short-
est time possible without compromis-
ing tissue-level healing, it is generally
acknowledged that there is more to the
successful management of runners with
a BSI. The high recurrence rate of BSIs
indicates that a central goal for clinicians
when managing low-risk BSIs should be
to identify and modify potential risk fac-
tors for future BSIs. Using the concept
that BSIs occur when the applied load
exceeds the bone’s ability to resist the
load without microdamage accumula-
tion, runners with a BSI require strate-
gies to reduce the load being introduced
and/or increase the load-bearing capacity
of their skeleton.

Phase 1: Initial Management

Activity Modification There is no ques-
tion that temporary discontinuation of
running and the introduction of a variable
period of modified activity are required in
the initial management of low-risk BSIs
to permit tissue-level healing and to pre-
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vent pathology progression. However, the
duration and extent of activity modifica-
tion are highly variable and decided on an
individual basis, using pain as the princi-
pal guiding variable. The presence of pain
either during or after an activity indicates
that the pathological site is being exces-
sively loaded for the current stage of heal-
ing, and that loading needs to be titrated.

In the initial stages of BSI manage-
ment, the goal of the athlete is to be pain
free during and after usual activities of
daily living (ADLs). Cushioned shoes
and/or insoles may provide assistance in
dissipating impact forces during ADLs
in athletes with a rearfoot or leg BSI,*"%
whereas stiff-soled shoes may be con-
sidered to reduce bending forces and
symptoms in athletes with a BSI in the
midfoot or forefoot.” Walking should be
minimized to that essential to perform
ADLs and limited to a normal gait pat-
tern. If a normal gait pattern cannot be
used or symptoms are produced either
during or after walking, partial weight
bearing using assistive gait devices (eg,
double or single crutch, cane) should be
considered. Alternatively, a pneumatic
leg brace may be introduced to promote
pain-free gait for BSIs of the fibula or
posteromedial border of the tibia.!'? If a
pain-free normal gait pattern cannot be
achieved, a short period in a walking boot
or of non-weight bearing may be consid-
ered. However, in each scenario, progres-
sion to unassisted pain-free gait should
be sought as soon as possible.

Athletes need to be pain free not only
during but also after activities. The pres-
ence of resting and/or night pain is a sign
that the underlying pathology may have
an inflammatory component. While rest-
ing pain does not typically require spe-
cific intervention, as it is usually short
term and abates with activity modifica-
tion, some athletes may consider non-
steroidal anti-inflammatory drugs or
other analgesics. The use of these agents
should be discouraged beyond a few days
because of their ability to mask pain and
subsequently influence activity progres-
sion, and because of the less favorable

risk-to-benefit ratio of nonsteroidal an-
ti-inflammatory drugs."'® In particular,
nonsteroidal anti-inflammatory drugs
have the potential to impede tissue-level
healing of BSIs when taken for prolonged
periods.5%™

Identification and Initial Management of
Potential Risk Factors The initial period
following BSI diagnosis is a useful time to
evaluate and begin addressing potential
contributing factors, as it is often the time
when an athlete gives the most attention.
A detailed running and physical activity
history is important. Consider not only
usual and recent changes in running fre-
quency, duration, and intensity, but also
usual or new participation in physical ac-
tivities beyond running. Bone stress inju-
ry risk reflects the sum of all bone loading,
and loading from nonrunning activities
may be enough to push an athlete beyond
his or her injury threshold. Note should
also be taken of any recent changes in
running surfaces, shoes/inserts, or tech-
nique. By combining knowledge of recent
running progressions with knowledge of
lifelong physical activity history, it may
be possible to provide a runner returning
from a BSI with advice regarding future
running-program design. For instance,
novice runners with a minimal physical
activity history may need to progress their
training program at a slower rate to avoid
overloading the skeleton and disrupting
the homeostasis between microdamage
formation and removal.

History taking in an injured runner
should also assess factors influencing the
ability of the runner’s skeleton to resist
loading. It is essential to obtain a history
of the patient’s general health, medica-
tions (including use of glucocorticoids
and anticonvulsants), and personal hab-
its to ensure that there are no factors that
may influence bone health. A past history
of BSI (and other bone injury) and cur-
rent body mass index of less than 19 kg/
m? are strong risk factors for BSI that re-
quire assessment and thorough explora-
tion.*1® A full dietary history should be
taken, with particular attention paid to
possible deficits in energy intake and/or

eating disorders, and calcium and vita-
min D intake. There are numerous online
calculators for estimating calcium and
caloric intake, with exercising athletes
requiring higher-than-recommended in-
takes for skeletal and body composition
maintenance. A maternal family history
of osteoporosis (low-trauma fractures)
or low bone mineral density should be
explored, and a detailed menstrual his-
tory should be taken in female runners,
including their age of menarche and sub-
sequent menstrual status. Identification
of any issues of concern warrants appro-
priate referral when indicated, remem-
bering that consultation for a BSI may
be the first time that a runner’s issues
associated with the female athlete triad
are identified.

In addition to history taking, initial
assessment and management of potential
factors that influence bone loading dur-
ing running can be explored, even though
running gait cannot typically be assessed
until a later time. To guide the interven-
tions and formulate an initial biome-
chanical impression of the athlete, it is
important to gather as much circumstan-
tial evidence as possible. Such evidence
may come from recent videos of the ath-
lete running; assessment of shoe wear
pattern; a history of overuse injuries; a
unilateral predominance; static posture
and alignment; and hip, knee, and foot
mechanics during nonpainful activities
such as walking or single-leg squat. De-
pending on the individual athlete and the
preliminary examination findings, initial
biomechanical interventions can be in-
troduced to maintain what the athlete
already has or address suspected deficits.
Activities can include muscle strength,
endurance and control training, and in-
terventions for muscle length and joint
mobility. Key areas to consider include
control, endurance, and strength at the
hip, knee, and ankle; core stability; and
strength of the intrinsic and extrinsic
muscles of the foot. The activities may
need to be modified to be pain free, and
are often performed in non-weight bear-
ing or partial weight bearing.
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Maintenance of Physical Conditioning
Maintaining conditioning during recov-
ery from a BSI is important for a seam-
less return to running, as the athlete’s
pathology permits. Conditioning activi-
ties should be introduced early, as endur-
ance-trained athletes experience declines
in cardiovascular performance in as little
as 2 weeks following training cessation.?®
There are multiple methods of maintain-
ing cardiovascular fitness during recovery
from a BSI, including cycling, swimming,
deep-water running (DWR), and anti-
gravity treadmill training (ATT). The
latter 2 methods may be most specific to
runners, as they more closely reproduce
the neuromuscular recruitment patterns
involved in running. Antigravity tread-
mill training is discussed in a later sec-
tion, as it is not introduced until a runner
is pain free during walking and ADLs. In
the interim, DWR can be introduced as
long as the athlete is pain free both dur-
ing and after DWR sessions.
Deep-water running is performed in
the deep end of a swimming pool, and
makes use of buoyancy to provide 100%
body-weight support. The runner mimics
running on dry land without contacting
the floor of the pool, with limb move-
ments being resisted by the viscosity of
the water and drag forces. Literature
reviews have concluded that DWR in-
troduces cardiovascular demands that
are relatively close to those of real run-
ning when training at easy to moderate
intensities, but that it is less effective at
high intensities.®®!°* Thus, DWR is use-
ful in maintaining and not necessarily
increasing conditioning, except in less-
conditioned runners. Use of a buoyancy
vest or flotation belt reduces the energy
demands of DWR, but promotes bet-
ter specificity by encouraging a more
“cross-country” style of gait, whereby
the leg sweeps back at a large angle and
the foot “pushes” down at the bottom of
the stride.®® Nevertheless, a limitation of
DWR is that the running motion does not
always mimic running on land, and there
is increased resistance to all movements
due to the hydrostatic properties of wa-
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ter.®® Ultimately, DWR is useful during
recovery from a BSI, as it can be used to
maintain conditioning without exces-
sively loading the pathological site, but
it does not replace the need to progress
to dry-land running when the pathology
permits.

Accelerating Tissue-Level Healing It
would be beneficial to provide an athlete
with a means of accelerating the healing
of a BSI, particularly if it also accelerated
a return to running. While there are no
proven methods of accelerating BSI heal-
ing, a number of candidate methods have
been proposed. Low-intensity (less than
0.1 W/cm?) pulsed ultrasound therapy
currently has the greatest support, given
its observed beneficial effects on com-
plete bone fractures.'® Low-intensity
pulsed ultrasound has been effective in
stimulating union in 98% and 94% of
BSIs displaying delayed union and non-
union, respectively.” However, the bene-
fits of low-intensity pulsed ultrasound on
acute BSIs remain unclear. Although low-
intensity pulsed ultrasound has preclini-
cal™ and anecdotal clinical'*5? support in
the management of acute BSIs, a pilot
randomized clinical trial of low-intensity
pulsed ultrasound effects on recovery fol-
lowing tibial BSI suggested no benefit.!*?
Extracorporeal shockwave therapy and
electromagnetic and capacitive coupled
electric fields have also been considered
as modalities for promoting BSI repair;
however, studies of their effects have
principally been limited to recalcitrant
BSIs. One randomized controlled trial
did study the effects of capacitive coupled
electric fields on acute tibial BSIs, but
was unable to demonstrate a generalized
effect on time to return to activity.”

A number of pharmaceutical agents
may facilitate BSI healing, yet their use
is unlikely to receive regulatory approval
due to the difficulty of establishing their
efficacy in clinical trials of BSIs. Thus,
their administration in runners with a
BSI will likely remain off label. Bisphos-
phonates that impair osteoclast-mediat-
ed bone resorption have been explored as
a potential therapy for BSI. Case series

have reported rapid resolution of BSI
symptoms with intravenous pamidronate
or ibandronate®*'°; however, this may
not necessarily equate to enhanced tis-
sue-level healing, with preclinical studies
showing that bisphosphonates delay BSI
healing by suppressing intracortical bone
remodeling and damage removal.®%1°¢ In
contrast, anabolic agents that more spe-
cifically target bone-forming activities
may hold greater potential. Two such
therapies are parathyroid hormone and
antisclerostin antibody therapy. Para-
thyroid hormone, when administered
intermittently, promotes osteoblasto-
genesis and osteoblast survival, whereas
antisclerostin antibody therapy inhibits
osteocyte secretion of sclerostin to fa-
cilitate Wnt signaling and subsequently
promote osteoblast proliferation and
function.”* Both agents stimulate bone
formation and accelerate fracture healing
in preclinical models. Whether the same
fracture-healing benefits carry over to
humans and BSI is unknown, although
an initial preclinical study suggested that
parathyroid hormone therapy acceler-
ated healing of experimentally induced
BSIs.1%®

Phase 2: Return to Running

Beginning and Progressing Initial Run-
ning Graduated running programs are
used in the management of low-risk
BSIs to introduce controlled loading and
facilitate a return to running in a timely
yet safe manner. While loading is central
to the development of low-risk BSIs, re-
covery is best met by a balance between
rest from aggravating activities and per-
formance of appropriate loading. Appro-
priate loading can be defined as loading
that does not provoke BSI symptoms
either during or after completion of an
activity. Once a runner with a low-risk
BSI becomes pain free during unassisted
walking, the runner can start the gradual
process of reintroducing running-related
loads. While there is no established pro-
tocol for returning to running during
recovery from a low-risk BSI, various
programs have been developed based
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GRADUATED RUNNING PROGRAM TO RETURN A

RUNNER TO 30 MINUTES OF PAIN-FREE RUNNING

Stage/Level Description

Walk 30 minutes
Rest

Rest

Rest

Rest

Rest

Rest

Z =T X~ - IO TmTMmMmoo W >

Rest

2 Running with increasing intensity

Jog 30 minutes

Rest

Run 30 minutes at 60% normal pace
Rest

Run 30 minutes at 60% normal pace
Rest

Run 30 minutes at 70% normal pace
Rest

Run 30 minutes at 80% normal pace
Rest

Run 30 minutes at 90% normal pace
Rest

Run 30 minutes at full pace

Rest

3 Running on consecutive days

Run 30 minutes at full pace

Z == X < T I o Mmoo m >

Run 30 minutes at full pace
Rest
Run 30 minutes at full pace
Run 30 minutes at full pace
Rest
Run 30 minutes at full pace

@ Mmoo O W >

4 Return to running

0 Pre-entry to graduated running program

Pain during walking in normal activities of daily living

1 Initial loading and jogging (50% normal pace) with increasing duration

Walk 9 minutes and jog 1 minute (3 repetitions)

Walk 8 minutes and jog 2 minutes (3 repetitions)

Walk 7 minutes and jog 3 minutes (3 repetitions)

Walk 6 minutes and jog 4 minutes (3 repetitions)

Walk 4 minutes and jog 6 minutes (3 repetitions)

Walk 2 minutes and jog 8 minutes (3 repetitions)

on clinical experience. One program
requires the athlete to be pain free for
at least a week before beginning to run
every other day for 2 weeks at half the
athlete’s usual pace and distance.? There-

after, running distance and frequency are
gradually increased over 3 to 6 weeks to
the athlete’s preinjury level. Once the ath-
lete can run the usual training distance at
the usual frequency, the pace is gradually

increased. If the athlete experiences BSI
symptoms at any time during incremen-
tal loading, running is ceased for at least
1to 2 days and resumed at a lower level.

The above program provides general
guidelines for resuming and progressing
running activities; however, an example
of a more prescriptive graduated run-
ning program to facilitate the return of a
recreational runner to 30 minutes of run-
ning is provided in TABLE 3. The program
consists of a pre-entry stage and 3 run-
ning stages. Once a patient is completely
pain free for 5 consecutive days during
usual activities, the patient may leave
the pre-entry stage (stage 0) and com-
mence deliberate progressive loading.
Stage 1 introduces loading in 30-minute
sessions, separated by rest days. Sessions
in this stage consist of increasing dura-
tions of jogging (defined as running at
50% of normal pace) and decreasing du-
rations of walking. The pace of running
is progressed in stage 2 until the athlete
can run for 30 minutes at the usual pace,
with stage 3 consisting of running on 2
consecutive days followed by a rest day.
The last stage incorporates individualized
running until complete return to desired
running activities.

Progress through each stage of the
graduated running program is deter-
mined by BSI provocation. If an athlete
is able to complete a session with no BSI
symptoms and does not experience la-
tent symptoms, the athlete can progress
to the next level during the ensuing ses-
sion. However, if BSI symptoms are ex-
perienced during a session or the athlete
experiences latent symptoms, the athlete
must stop the session and return to the
last level that he or she was able to suc-
cessfully complete at the next session. For
example, if the athlete experienced symp-
toms while walking for 6 minutes and
jogging for 4 minutes, the athlete would
take a rest day, then walk for 7 minutes
and jog for 3 minutes each at the next
running session.

Using a graduated loading program
that is strictly guided by pain to manage
low-risk BSIs, the athlete and clinician
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can facilitate recovery while being rela-
tively confident that there would be no
progression of the pathology. Of course,
this requires the full understanding of the
athlete regarding the appropriate pro-
gression through the program and adher-
ence to the set pain levels. Patients with
lower-grade BSIs may be able to progress
more quickly through a graduated load-
ing program, and the total duration of
their program may be reduced from that
outlined. Program duration should be
based on the expected time course for
recovery, which in turn is dependent on
the classification of their BSI. Thus, all
patients should perform individualized
programs.

Antigravity Treadmill Training When
available, an antigravity treadmill may
initially be used in the place of over-
ground running, as ATT may allow an
athlete to run at higher intensities ear-
lier during recovery, but with lower bone
loading. Thereby, ATT can be used to
maintain fitness while protecting the
BSI site. Antigravity treadmills consist of
a treadmill with an air-filled, pressure-
controlled chamber that surrounds the
lower half of the body from the waist
down (FIGURE 4). Pressure in the chamber
is modulated to unweight the runner in
1% increments so that the runner is run-
ning with between 100% and 20% body
weight. Grabowski and Kram® found
that certain combinations of velocity and
body-weight support provided aerobic
training similar to normal-weight run-
ning, but with less peak GRFs. Based on
the data, if a person normally runs at 3
m/s with no body-weight support, he or
she could run at 5 m/s with 43% body-
weight support and achieve equal meta-
bolic demand but decrease peak GRF by
32%.

Runners with a low-risk BSI can start
ATT once pain free during walking and
ADLs for at least a week. A typical start-
ing point is to jog every other day 3 times
for 5 minutes, with between 50% and
70% body weight and 1 minute of re-
covery between repetitions. This is per-
formed for an initial week to acclimatize
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FIGURE 4. Antigravity treadmill training. Reproduced
with permission from AlterG, Inc.

to ATT while symptoms are monitored
for provocation. How to progress from
this initial stage is currently somewhat
of an art rather than science, as there
are few published protocols guiding
ATT progression. However, a proposed
progression is to increase, over the next
2 weeks, the duration of each run to a
total of 20 to 30 minutes, body-weight
percentage by 5% to 10%, and running
speed.?* Thereafter, as long as there are
no BSI symptoms, the progression may
continue until the athlete can run at the
usual speed and duration with 90% body
weight. Once this is achieved, ground
running is introduced and relatively
quickly progressed over a couple of weeks
to normal durations and intensities.

Running Gait Retraining Despite a slow,
progressive return-to-running program,
the persistence of faulty mechanics may
hinder the healing process or contribute
to the elevated risk for a repeat injury.
Therefore, it is important to identify and
address any underlying mechanics when
treating a runner with a BSI. Based on
the hypothesis that bone loading is di-
rectly related to GRF and acceleration
parameters, interventions that reduce
GRFs and shock during running gait
may represent a means of decreasing BSI
risk. By reducing the magnitude and rate
of bone loading, the number of loading

cycles until microdamage accumulation
and fatigue failure may be increased. A
number of gait retraining techniques to
reduce bone loading during running are
currently being investigated, including
the use of biofeedback, altering stride
rate, and modifying initial contact.

Use of biofeedback from an acceler-
ometer attached to the distal tibia has
been described as a potential means of
encouraging reductions in loading mag-
nitude and rate. Crowell and colleagues®
displayed tibial acceleration data in real
time on a monitor in front of subjects
running on an instrumented treadmill.
Following a preliminary warm-up and
baseline data-collection period, subjects
were asked to “run softer” and reduce
their peak positive acceleration by 50%.
After 10 minutes of biofeedback followed
by 10 minutes without biofeedback, 4 of
5 subjects had significantly reduced peak
positive acceleration, and all subjects
had reduced GRF impact peak and load-
ing rates, demonstrating feasibility of the
biofeedback technique. In a subsequent
follow-up study, Crowell and Davis*
provided accelerometer-based, real-time
visual biofeedback to 10 runners with
high peak positive tibial accelerations
(greater than 8 g). After 8 training ses-
sions over 2 weeks, there were significant
reductions in peak positive acceleration
and GRF loading rates. These changes,
with the addition of a reduction in GRF
impact peak, persisted for 1 month fol-
lowing feedback training completion,
indicating short-term retention of the
subjects’ altered running form. How the
subjects altered their gait to reduce tibial
acceleration, the long-term permanence
of the reduced acceleration, and whether
the reduction in acceleration and subse-
quent GRF parameters alter BSI risk are
areas of ongoing investigation.

Gait retraining using accelerometry
biofeedback has shown promise and
clinical translatability in reducing bone
loading, as it does not require expen-
sive equipment such as an instrumented
treadmill. However, in the absence of ac-
celerometry hardware, a simple alterna-
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tive may be to increase a runner’s stride
rate above the runner’s preferred rate.
Increasing stride rate results in a propor-
tional decrease in stride length (assuming
a constant running speed) and positions
the feet more underneath the center of
mass at initial contact, with the knees
and ankles in greater flexion and plan-
tar flexion, respectively.”” The net result
is a reduction in vertical excursion and
velocity of the center of mass, reduced
peak hip adduction angle and moment,
and reduced GRFs and tibial accelera-
tions.26:334256-5%8 Changes in stride rate
can be encouraged using a metronome,
with increases of 10% or less above an
athlete’s preferred rate being adequate to
reduce impact loading while maintain-
ing or even reducing oxygen consump-
tion.?2% An increase in stride rate and
concomitant decrease in stride length
increase the number of loading cycles ex-
perienced when running a given distance,
potentially offsetting the benefit of stride-
rate changes on BSI risk. However, the
reduced loading magnitude associated
with decreased stride length has been
modeled to outweigh any potential detri-
ment of the increased number of loading
cycles.*®

An alternative method of gait retrain-
ing to reduce impact loads has been to
encourage a more FFS, rather than a heel
or RFS pattern. Up to 89% of shod run-
ners land with an RFS pattern,™ possibly
due to the thick, cushioned heel of mod-
ern running shoes. Landing with an RFS
is associated with a defined impact peak
in the vertical GRF during contact and a
high rate of loading. In contrast, an FFS
pattern eliminates the impact transient
by reducing the effective mass at contact
through eccentrically controlled dorsi-
flexion.” A potential means of promot-
ing a more FFS pattern has been to have
an athlete run barefoot or in a minimalist
shoe. Barefoot running encourages a FFS
pattern, as running barefoot with an RFS
pattern results in very high loading rates
and is typically uncomfortable.? In addi-
tion to encouraging an FFS pattern, bare-
foot running is associated with a shorter

stride length and higher stride rate than
typical shod running using an RFS pat-
tern.? The net result is a reduction in
the magnitude and rate of loading and,
potentially, BSI risk. It is possible that a
more FFS pattern may increase BSI risk
in the metatarsals, due to greater bending
forces. However, a natural barefoot land-
ing is described typically as a very mild
FFS, with the foot landing slightly plantar
flexed and the heel slightly off the ground
before it is actively lowered.? A low incli-
nation of the foot at contact may reduce
the bending moment on the metatarsals
to reduce any potential elevation in BSI
risk at this site. However, transitioning
to minimal-footwear running should be
done with caution. In a study by Ridge et
al,’? runners transitioning to minimalist
shoes with little guidance more often de-
veloped metatarsal bone marrow edema
than those remaining in their traditional
shoes. Therefore, transitioning should
be done slowly and be associated with
a strengthening program of the calf and
foot intrinsic muscles.

The benefit of the aforementioned gait
retraining techniques remains an area of
active inquiry, and the induction of run-
ning gait changes should not be taken
lightly. Runners have typically been run-
ning with their particular gait pattern for
many years, and the ability of a runner’s
musculoskeletal system to adapt to the
nuances of their particular gait should
not be underestimated. However, a his-
tory of repeat BSI and the accumulating
loss of running time are signs that gait
retraining should be considered. In do-
ing so, it must be remembered that when
inducing a change in gait, there is always
the potential of altering injury risk at an
alternative site. Thus, transitioning to a
new running gait should be performed
slowly and may be benefited by a precon-
ditioning program.

Running Program Design Increment-
ing a running program too rapidly or
frequently relative to a runner’s usual
activities can contribute to the genera-
tion of a BSI by upsetting the balance
between bone microdamage formation

and its removal. Unfortunately, there is
no accepted algorithm for how much an
individual can modify a running program
before excessively heightening the risk
of BSI. The historical rule of thumb has
been to change a running program by no
more than 10% per week to reduce injury
risk; however, this “rule” is not generaliz-
able on an individual basis, as different
runners are able to tolerate more or less
change before developing an injury.” In
order to provide a runner returning from
a BSI with appropriate advice with re-
gard to the design and advancement of
a running program, it is important that
the runner recall as much as possible
about the preinjury training regime. This
should include information on changes
in any feature that may have altered the
load being introduced to the skeleton, in-
cluding training intensity, duration, fre-
quency, type, surface, technique, shoes,
and so on. In addition, recovering run-
ners should be encouraged to maintain
a training diary containing these data to
not only track running progress but also
to provide reliable data regarding the
running program for future reference.
There are numerous useful apps for mo-
bile devices that can semi-automatically
collect some of these data. In addition to
limiting the magnitude and number of
running variables changed at any given
time, the use of cyclic training meth-
ods should be encouraged. Cyclic train-
ing may involve the introduction of rest
periods into a training program, or the
replacement of overground running ses-
sions with lower bone-loading running
activities, such as DWR and ATT. This
may involve a monthly regime of 3 weeks
of running and 1 week of no or low-load
activities.

MANAGEMENT
OF HIGH-RISK BSI

0ST BSIS ARE LOW RISK IN THAT
they readily heal without com-
plication or specific intervention.
However, BSIs at some sites present di-
agnostic and management challenges
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CoMMON INITIAL MANAGEMENT APPROACHES FOR

HicH-Risk BONE STRESS INJURIES IN RUNNERS

Stress Fracture Site Management

Femoral neck

Anterior cortex of the tibia

Medial malleolus
Talus (lateral process)

Navicular

Proximal diaphysis of the fifth
metatarsal

Base of second metatarsal
Great-toe sesamoids

Undisplaced—initial bed rest until passive hip movement is pain free, followed by non-
weight bearing on crutches until radiological evidence of healing. Then, progressive
resumption of weight bearing and running

Displaced—surgical fixation

Non-weight-bearing cast immobilization or surgical intervention (intramedullary rod
fixation or anterior tension plate banding)

Non-weight-bearing cast immobilization for 6 weeks or surgical fixation

Non-weight-bearing cast immobilization for 6 weeks. Excision of lateral process
through fracture line for longstanding symptomatic bone stress injuries

Non-weight-bearing cast immobilization for 6 weeks
Non-weight-bearing cast immobilization for 6 weeks or percutaneous screw fixation

Non-weight-bearing cast immobilization for 4 to 6 weeks
Non-weight bearing for 4 weeks

because they are difficult to diagnose,
resulting in delays in diagnosis, prone
to delayed union or nonunion, and/or
at high risk for progression to complete
fracture. Specific sites for these high-risk
BSIs and their typical management based
on our collective clinical experience are
detailed in TABLE 4. Management ranges
from prolonged modified activity to non—
weight bearing, with or without a cast
and/or surgical fixation. Factors deter-
mining management choice include BSI
location, presence or absence of a cortical
defect on imaging, duration of symptoms
and/or the pathology, and running level
(elite versus novice).

A return to weight-bearing and run-
ning activities following high-risk BSI
typically requires a greater degree of
tissue-level healing to minimize the risk
of pathology progression. In most cases,
return to activity can occur when imag-
ing studies are consistent with cortical
bridging or healing and the athlete is
asymptomatic on weight bearing and pal-
pation (when possible). However, at some
locations (ie, tarsal navicular) or in the
absence of a cortical defect at initial pre-
sentation, repeat imaging is not informa-
tive, and return-to-activity decisions are
based on the absence of symptoms fol-
lowing completion of the initial manda-
tory management. Until the green light is

given to begin and progress weight-bear-
ing activities, interventions should focus
on the identification and management
of potential risk factors, when possible,
and maintenance of physical condition-
ing. The latter is particularly important,
as immobilization and restriction of run-
ning activities are typically prolonged
with high-risk BSIs. Once running is
permitted, progression follows that de-
scribed for low-risk BSIs.

CONCLUSION

ONE STRESS INJURIES RESULT FROM

disruption of the homeostasis be-

tween microdamage formation and
its removal, and remain a source of con-
cern for long-distance runners and clini-
cians alike because of the morbidity they
cause and their relatively high rate of re-
currence. Risk for a BSI relates to both
the load applied to a bone and the ability
of the bone to resist load, with the former
being most amenable to intervention.
While most BSIs readily heal following a
period of modified loading and a progres-
sive return to running activities, the high
recurrence rate of BSIs signals a need to
address underlying reasons for their oc-
currence. In particular, there is a need to
look beyond changes in training as the
sole cause of BSIs. Interventions aimed

at reducing the loads applied to the skel-
eton may include techniques to reduce
impact-related forces (eg, instructing an
athlete to “run softer” or with a higher
stride rate) and increase the strength
and/or endurance of local musculature
(eg, the calf for tibial BSIs and foot in-
trinsics for BSIs of the metatarsals).
Similarly, malalignments and abnormal
movement patterns should be explored
and addressed. Also, the ability of the
skeleton to resist loading should not be
ignored, despite the greater difficulty of
intervention. In particular, elite female
long-distance runners exhibiting signs
and/or symptoms of the female athlete
triad need appropriate multidisciplinary
management. @
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